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SY~OPSIS
This report deals with the feasibility study of a novel concept whereby a lead sulphide
concentrate and a solid reductant are reacted with a manganese ore at a temperature of
approximately lOOO=C. The manganese oxides are reduced to their lower oxides, which,
having a higher affinity for sulphur than lead. scavenge the sulphur from the lead sulphide. A
manganese sulphide mane is formed. and liquid lead metal is tapped off. The manganese
sulphide mane is then leached with sulphuric acid. After a purification step to remove the
base metals from solution, the electrolyte proceeds to an electrolytic manganese metal or
manganese dioxide facility where the manganese is recovered. The benefits of this process
are fourfold: firstly, lead ores may be beneficiated locally; secondly, the separate and often
lengthy processes for the recovery of lead and manganese are combined into a simplified
process, thereby reducing the capital expense: thirdly, the Leadman process can be applied to
any scale of operation: and fourthly, no 502 is produced. Details of the investigation included
the following: a literature survey. a laboratory scale study where the operating conditions
were narrowed down, a smelting campaign on a rotary kiln, a mineralogical study, a brief
leaching study, a leach liquor purification step and a techno-economic assessment.
This study has shown the technical and economical feasibility of the Leadman process. The
lead and manganese recoveries were both approximately 93%, with good accountability of all
the other elements of interest. Depending on the operating conditions, between 80 and 100
per cent of silver, originally in the galena, was recovered with the lead bullion. The purity of
the lead metal produced was good with a lead content of approximately 97 per cent, and low
levels of contaminants. It was also shown that the manganese matte produced is suitable for
use as feed to an existing manganese electrowinning operation. The techno-economic
assessment showed a return of R 3 118/t of Pb, compared with R 939/t and R 240/t for the
conventional manganese and lead blast processes, respectively.
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Chapter 1
INTRODUCTION
This study deals with a novel process whereby manganese and lead ores are beneficiated
simultaneously. The process is hereafter referred to as the Leadman process.
The current worldwide demand for lead totals approximately 4.5 million tons. An average
annual growth rate of only 1.2 per cent was achieved over the 20 years preceeding 1982. The
reasons for this low growth can be ascribed mainly to stringent government legislation. This
is a direct result of the health hazards associated with lead beneficiation; and the resultant use
of alternate materials in place of lead. However. lead remains a very important raw material
and for the period 1985 to 1995 an improved growth rate of 1,9 per cent per annum was
achieved. World consumption of lead has been increasing at a rate of more than 80000 t/a
and increased mining and smelting facilities will be needed to meet this demand.' A better
image for lead can only be achieved by developing improved. environmentally cleaner
production and processing techniques and facilities. It is envisaged that the process proposed
in this report will be more economical than conventional processes. as well as offer an
alternative to the production of SOz. Due to increasingly stringent environmental regulations
the industry has come under pressure to limit the large quantities of SOz evolved during
processing. In South Africa there is currently a shortfall of sulphuric acid, but an over-
production of SOz, sulphuric acid and gypsum from processes worldwide has concentrated
attention on processes allowing for the recovery of other sulphur compounds. In the new
process sulphur is fixed (depending on the leaching conditions) either as elemental sulphur or
as HzS.
Lead is produced from two main sources: primary lead from ore by smelting and secondary
lead from refining scrap. Because economics favour the sale of concentrates. all the lead
mined in South Africa is exported as lead concentrate. The only lead metal produced locally
results from secondary production. which is limited by the availability of scrap metal. South
Africa imports refined lead since only half of the lead demand is met by local secondary
production. Although the need for a primary lead smelter is recognised. South Africa does
not yet possess this facility.
World-wide, most lead is produced from galena, an ore mineral usually associated with
minerals of other metals such as copper, zinc, iron and silver. More than 90 per cent of the
world's primary lead production is from lead smelters using the roast-reduction process in
sintering machines and blast furnaces.i This process involves an oxidative roast to eliminate
sulphur as S02 and reduction of the resultant PbO to lead metal with coke. The other 10 per
cent emanates from the Imperial Smelting process, QSL, Minement, Kivcet, Outokumpu,
TBRC, electrothermal and rotary-hearth processes.
Conventional blast furnace smelting is plagued by several serious disadvantages, the overall
thermal efficiency of the two-step operation being its main drawback. The process is
inefficientand expensive in relation to its energy utilization, and circulating loads of 50 to 60
per cent of the sinter are frequently encountered.i The concentrates have to be desulphurized
and agglomerated by sintering-. The maximum lead concentration should be 40 to 45 per cent
and dilution with return slags, limestone and possibly iron oxide and silica is often needed.'
Also the S02 content of the off-gas is low, making the production of the H2S04 by-product
difficult.
New developments tend towards direct smelting in a single step, such as the QSL process
(Queneau-Schumann-Lurgi Process). This process utilizes a single two-zone furnace; one
zone for desulphurization and the other for reduction of the resulting PbO.4 The advantages
are evident but as less than 10 per cent of all lead is produced this way, attention will be
given to the conventional shaft fumace as a comparison with the process described in this
report. Figure 1.1 shows a simplifiedflowsheet of the conventional blast furnace process.
Some 81,5 per cent of the world's known manganese ore reserves are located in South
Africa.' The bulk of South Africa's production of manganese ore is of metallurgical grade,
the rest as chemical grade. Some of this ore is exported, a part is used as an oxidant in the
leaching of uranium ore, whilst the balance is used for manganese production. This includes
the production of manganese ferroalloys, electrolytic manganese metal (hereafter referred to
as EM), manganese dioxide (EMD) for dry-cell batteries, and manganese chemicals. The
total production capacity of ferromanganese and electrolytic metal is approximately 710 kt/a
and 40 kt/a respectively. The Republic of South Africa is a major manganese metal producer
and controls over 50 per cent of the world's current capacity. However, only 3 per cent of the
world's EMD is produced in South Africa. Additional capacity for both EM and EMD can
be achievedwith relatively minor plant extensions.
EM and EMD are produced by electrochemical, thermo-electrochernical and sulphation
processes. Sulphation roasting will not be discussed here.
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The most common ores used as feed to electrolytic manganese plants are.'
(1) rhodochrosite (~1nC03)' and
(2) metallurgical grade ore (40 to 50 per cent manganese): this is a mixture of divalent and
higher valency manganese oxides and silicates such as braunite
Mn2+(1'ln3"-Fe3"-)6Si012' hausmannite Mn2+(Mn3+)204 and pyrolusite (Mn02)'
Since only the divalent manganese is readily soluble in dilute sulphuric acid only the
rhodocrosite or MnO can be used for the electrochemical process. The bulk of the ore,
however, needs to be beneficiated by the thermo-electrochernical process. The ore, mainly
hausmannite (Mn30~) is convened to the Mn2+ state by reduction in a rotary kiln whereafter
it is leached in H2S0~ to produce a concentrated manganese sulphate solution. After
purification. the ~lnSO~ solution passes to an electrowinning cell where EMD or EM is
produced by electrochemical oxidation at the anode.
For the purposes of this report the thermo-electrochemical process (Figure 1.2) for the
recovery of manganese metal will be compared with the new process.
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The process proposed in this report is a novel concept which combines the conventional lead
and the thermo-electrochemical manganese processes. This results in a single high
temperature stage and a leaching step to recover the manganese. A lead sulphide concentrate
(galena) is reacted with a manganese oxide ore, such as hausmannite and a solid reductant at
a temperature of lOOO°C. The hausmannite is reduced by the reductant, probably to a Mn2+
state, doubtfully to manganese metal. Manganese is known as a 'sulphide scavenger' and
has a higher affinity for sulphur than lead. It is anticipated that MnS will form, although it is
very likely that MnOS or some other sub-stoichiometric species may form. The lead is
tapped off as liquid metal. The simplified reaction can be represented as follows:
Mn304 + 3PbS + 4C -7 3Pb + 3MnS + 4CO (~G =-120,23kJ/mol at 650°)
(1)
The MnS containing matte is then leached with dilute sulphuric acid which converts the MnS
to MnS04. Under pressure leaching conditions the reaction involved is as follows:
MnS + H2S04 + 0.502 =MnS04 + H20 + SO (and/or S042-)
The reaction involved during leaching under ambient conditions is as follows:
The MnS04 solution then proceeds to an EM or EMD facility identical to the conventional
processes.
In the new process sulphur is thus fixed (depending on the leaching conditions) either as
elemental sulphur or as H2S. If the latter route is the preferred choice, a portion of the H2S
evolved during the leaching step could be recycled to the leach liquor purification step. Here
the manganese solution is purified by metal sulphide precipitation of impurities such as iron
and zinc. The remainder .of the H2S could then be utilized to produce elemental sulphur,
possibly via the well-known Claus process. A techno-economic evaluation of the two
different routes is included in section 4.7. Figure 1.3 shows a simplified flow chart of the
Leadman process.
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From Figure 1.3 it can be seen that the Leadman process is virtually identical to the
conventional thermo-electrochernical process for electrolytic manganese production.
Essentially, however. two metals can now be recovered instead of only manganese. Apart
from the advantages mentioned earlier. the conventional complicated two-unit furnace of the
lead process can be replaced by a single furnace operating at lower temperature.
With the changing situation in South Africa there is a greater awareness and emphasis on the
downstream beneficiation of our minerals and metals. The process should thus also benefit
the South African metal industry, since it allows lead ores to be beneficiated locally. The
capital outlay by a lead producer should be similar to that required for an EM or EMD plant,
instead of the more expensive conventional lead blast furnace processes. It is envisaged that
a burner flame, internally heated rotary kiln could be used for the new process. This type of
furnace will be much cheaper to install and operate than the expensive externally heated
furnaces that are currently being used in the conventional manganese processes.
Another approach to lead recovery is the lime-enhanced reduction of lead sulphide, involving
the use of calcium as a sulphide scavenger. This process is similar to the Leadman process
but utilizes calcium oxide instead of manganese oxides. It has been studied extensively by
other researchers on a laboratory scale and has been shown to have some inherent
technological merits (Chapter 2 contains more details). It was decided to determine whether
the lime-roast process had ever been investigated on a pilot-plant scale or from a techno-
economic viewpoint by performing a literature survey. A second series of tests, utilizing lime
instead of manganese oxide, was also performed during during the pilot-plant campaign.
In the proposed process 3l7kg of manganese metal is produced for every 1000kg of lead
metal, that is a Pb-to-Mn ratio of 3 to 1. The South African demand for lead, manganese
metal and manganese dioxide is 59200,6 30000 and 100001 t/a, (contained Mn =36320 t/a)
respectively. This approximates to a lower Pb-to-Mn ratio of 1,55 to 1. The proposed process
would thus supply more lead metal than the local demand. Preliminary calculations showed
that using a mixture of manganese ore and lime would give a process even more
economically viable than the Leadman process. Although the process is intended primarily
for the South African situation, it would be advantageous if it was also applicable
internationally. For this reason a third series of tests were performed, in which the use of a
mixture of calcium and manganese oxides as sulphide scavengers was investigated.
The aim of the investigation was to determine the feasibility of the Leadman process and to
determine whether good recoveries of all the elements of interest were possible. It was
decided, in an effort to maximize metal separation, that the pilot-plant scale work of this
investigation be performed in a furnace similar to a short rotary furnace. Although the leach
liquors were found to be theoretically suitable for electrowinning processes, the
8
electrowinriing step was not actually investigated. as this was out of the scope of this study.
This report deals only with the high temperature. leaching and leach liquor purifications steps.
A mineralogical study. involving X-ray diffraction and SEM/microprobe analyses. and a
techno-economic assessment concludesthe work.
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Chapter 2
LITERATURE REVIEW
In the lime-roast process lime or limestone is used as the sulphur-fixing agent and the
reductant is usually a solid reductant. Gaseous reductants, such as hydrogen, may also be
used and the use of a catalyst may have a beneficial effect on lead recovery. The lead in the
lead sulphide is liberated as lead metal and the sulphur is tied up as a solid calcium sulphide
residue. There is a large amount of literature available on the regeneration of lime from the
CaS. or on the conversion of CaS to CaSO~ and sulphur. CaC03 and H2S can be recovered
from CaS by the high temperature carbonation with CO2 and H20 or by the treatment of CaS
with a saturated aqueous solution of H:;S to form Ca(HSh, which is then converted to CaC03
by passing through a stream of CO2,
A literature study revealed a large number of publications on the lime-roast process. As early
as 1954 D A Odeen registered a patent claiming that sulphidic ores could be reduced with
carbon and lime or Na2C03 in an atmosphere of CO in order to produce metal. The mixture
is heated to a temperature at which the metal produced is in a molten state (approximately
900°C). Calcium fluoride or sodium carbonate is used as a flux to give liquid CaS or Na2S
mattes. Odeen reacted a mixture of sulphide ores containing FeS, ZnS, CoS, PbS, Ag2S, NiS
and CuS with lime. The FeS used in the study was obtained by reacting FeS2 at
approximately 800°C to drive off sulphur. Zinc vapours were condensed at the top of the
furnace and Co, Fe and Ni were tapped from the bottom. The actual Zn recovery was not
reported. A Pb layer, containing the silver, separated below the Fe layer. The slag was
treated with steam and CO2 to recover CaC03, CaF2 and H2S. The H2S was then passed over
a Fe203 or bauxite catalyst to produce sulphur. He also described the smelting of PbS, but
unfortunately described only Na2C03 as the sulphide scavenger. The use of lime was not
investigated and the cost of Na2C03 makes this route unattractive.
A large number of studies were subsequently reported by various authors, dealing with the
reduction of PbS and other sulphide minerals, using gaseous reductants, such as methane,
hydrogen and CO, or solid reductants. Numerous sulphide scavengers were used, including
reagents such as Na2C03 and pyrite cindersv a mixture of sodium salts" (NazC03, NaCI and
Na2S04)' NazC03 and re", Na2C03' NaCI and pyrite cinders II , and pyrite cinders with
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lime.!: Sushkov et al. 13 reported a 789C regeneration of Na2C03 and established the
advantage of performing soda-electrosmelting over the lime-roast process. Panifilov et.al'"
investigated the use of calcium carbide, which serves as both the reductant and the.
scavenger.
The lime-enhanced reduction of ZnS with subsequent zinc condensation was also
investigated. This may be of interest here as the galena concentrate contains a small amount
of ZnS. Oughton'j patented a process for the reduction of zinc from ZnS, using hydrogen gas
and lime in the temperature range of 925 to 1200°C. It is reported that under some
circumstances. it may be desirable to operate at significantly higher temperatures, i.e.
1400-1700°C. The zinc is volatilized and the CaS residue is treated with hydrogen sulphide,
resulting in the formation of a water soluble compound believed to be calcium hydrosulphide.
Skopov!" et.al found that although the reduction reaction proceeds rapidly above 850° it only
reaches completion at temperatures above 1250°C. Abramowitz'? et.al investigated the
kinetics in the temperature range of 900 to 11OO°C. It is reported that the zinc elimination (or
vaporization) at 919°C is approximately 30% and at a temperature of 1079°C is almost 100
per cent after I hour. The addition of 1% Na2C03 accelerates the reaction and 100 per cent
recovery is achieved after only.If) minutes. From this work it would appear that complete
zinc reduction is only possible at temperatures in excess of 1000°C. As the operating
temperature of the proposed campaign is in the region of 1000DC it is envisaged that
complete reduction of ZnS may not occur and that some of the zinc may be fumed off.
Since 1980 renewed interest in the lime-roast process was expressed. Between 1981 and
1985 Y K Rao and S K EI-Rahaiby published several papers on the topic. 18,19.20,21,22 The
process was investigated from a fundamental viewpoint and on a laboratory scale only. The
reagents were mixed intimately in dry boxes and were charged to a laboratory scale tube
reactor. It is clear that a separate molten lead phase was never produced at the temperatures
investigated (approximately 1000°C) and they reported that the lead was present in a finely
divided form within the mixture. The addition of catalysts such as Na2C03' although
improving lead recovery, did not assist phase separation. The authors suggest, however, that
a pilot-plant investigation be performed using a shaft furnace reactor. Galena, coke and lime
would be charged to the top of the shaft. They suggest that molten lead will collect at the
bottom of the reactor, with the CaS residue as a separate layer on top of the lead metal. If
separation of liquid metal is not achieved during the roasting step the CaS and lead would
have to be separated by mechanical or other means, and this makes the process fairly
unattractive. The authors were criticised severely for ignoring these practical problems, as
well as for the use of a great excess of reagents in order to reduce the volatilization of PbS.
(PbS:CaO:C ratio = 1:4:4). This affects the direct cost of the process as well as the
composition of the residue that must be treated. Rao did, however, include a comparison of
I
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the energy consumption' ~ of the lime-roast and the conventional lead blast process.
According to the author the energy consumption of the conventional process is 12,91*106 Btu
per net ton of lead produced. If the CaS residue of the lime-roast is converted to lime, which
is then recycled. the energy consumption is 7,37* 106 Btu/t. If the CaS residue is oxidised to
CaSO~ the energy requirement is 6.6D* 106 Btu/t. Thus, the energy consumption for the new
process is much lower than that of the conventional process.
U 0 Igiehon et.al:!: performed a similar study whose aim, as with the previous authors, was
to obtain a fundamental understanding of the process. Igiehon also did not produce a separate
lead liquid and the Xvray diffraction panems show a mixture of lead powder and CaS. He
reported that at a PbS:CaO:C ratio of 1:1:2 the reaction is complete in less than 10 minutes,
that there is no need for catalysts. and that there is a very small loss of PbS by volatilization.
As with Rao and El-Rahaiby the reagents were mixed intimately.
PM Prasad and T R Mankhand-! report that in the case of an intimately mixed, finely
powdered charge the CaO to metal sulphide molar ratio needed may be only 2 to 3.
Unfortunately, they also suggest the separation of the reduced metal from the CaS slag by
techniques such as magnetic separation. gravity concentration, sieving or flotation. Prasad et
al. reports the equilibrium constants for the reduction of iron, zinc and lead sulphides in the
presence of lime as follows (927°C):
PbS + CaD + D.SC = Pb + CaS + D.SCO,
FeS + CaO + D.SC = Fe + CaS + D.SCO,
ZnS + CaD + D.SC = Zn + CaS + O.5CO,
1,95 X 102
1,29 x 10
2,15 X 10-2
The reactions, except for ZnS, are thus highly feasible thermodynamically. They also show
that the reduction rate of FeS reacted with CO to form Fe and COS, increases with increasing
temperature up to a temperature of about 850°C, above which there is a marked decrease in
the rate of reduction.
In 1983 G P Kharitidi et.a125 reponed the separation of a molten lead phase from the CaS
matte. The reduction of lead sulphide was examined in a thermogravimetric set-up. In
contrast with other researchers, however, the lead sulphide was placed at the bottom of the
crucible and covered with a porous firebrick cover, on which a mixture of carbon and CaD
was placed. A sample with a mixture of PbS and carbon in the lower zone and CaO in the
upper zone was also investigated. The PbS to CaO to C ratio was 1:2:2. At the operating
temperature of 1200°C the lead and zinc were distilled off. However, lead distillation fell
outside the scope of this investigation and due to the fact that the placing of the reagents in
layers was impractical in the rotary converter envisaged for this project, it was decided not to
investigate this avenue. Of interest is a characteristic difference in behaviour between a
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homogeneous mixture and that obtained when the reagents are separated in layers. When the
reagents are placed in layers it is suggested that carbon participates only slightly in the direct
reduction of PbS. Most of the reduction takes place via the reaction 3PbS(g) + 2CaO = 3Pb
+2CaS + S02' The carbon then reduces the SOz to Sz, COS and CS2. The reactions involved
are as follows:
PbS(s) = PbS(g)
3PbS(g) + 2CaO = 3Pb(l/g) + 2CaS + SOz
SOz +C = (Sz, COS, CS2) + COz
COS, CS2+ CaO = CO2 + CaS
COz+C=2CO
1,S2 + Ca + CO = CaS + CO2
According to Rao and EI-Rahaiby the carbon plays a vital role in the reduction of PbS. The
reaction mechanism for a homogeneous mixture is as follows:
C +1,Oz = CO
PbS + CO = Pb + COS
COS + CaO = CaS + COz
CO2 +C =2CO
PbS(s) = PbS(g)
The literature study has shown that the lime-roast process does not exist commercially. It also
seems unlikely that lead separation from the CaS and subsequent tapping of liquid lead could
be achieved at the envisaged operating temperatures of approximately 900 to 1100°C. It was
felt however, that the use of a moving bed furnace, such as a Short rotary kiln, may have a
beneficial effect on the separation. For this reason it was decided to include in the campaign
one run using CaO as the scavenger (run 10), and two runs using a mixture of different ratios
of CaO and manganese oxides (runs 8 and 9) as the scavenger.
The literature search also revealed that G W Sargenr'? registered a patent in 1921 claiming
that molybdenum could be recovered from molybdenite by reacting the MoSz with
manganese dioxide and carbon. The proposed Leadman process is similar to this process but
. is a novel approach in that a manganese ore is used to recover lead and that the manganese is
beneficiated in a downstream electrolytic process. Sargent claimed that molybdenite readily
combines with a manganese oxide in an exothermic reaction which evolves almost sufficient
heat to render the reaction autogenous. Powdered molybdenite and Mn02 could be mixed
with a reductant, such as charcoal, and could then be reacted at a temperature of
approximately 1100°C. The reaction involved is as follows:
MoSz + 2MnOz + 4C = Mo + 2MnS + 4CO,
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It is suggested that the y1n02 would combine exothermically with the MoS2 to form a
manganese-molybdenum-sulphide compound which is then reduced by the carbon. The
patent claims that pure molybdenum settles to the bottom of the furnace and a low melting
point fluid matte of YlnS floats on the molybdenum.
It seems unlikely, however, that pure molybdenum would settle to the bottom of the furnace,
since the melting point of molybdenum is 261O°C. Also, no reference could be found to the
further development of this patent.
No other literature or patents relevant to the proposed process could be found.
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Chapter 3
LABORATORY TESTWORK
3.1 EXPERIMENTAL
The hausmannite type Wessels fine, galena and Grinaker anthracite used in the first part of the
study were all sized to < I06~m in order to eliminate the effect of particle size on reaction
rate. The graphite used was an AR reagent. Various mixtures of hausmannite, galena and
reductant were made and a thermogravimetric analysis was performed in a Super Kanthal
tube furnace as follows:
The apparatus consists of a furnace box with an alumina work tube, a Mettler PM 4800
electronic balance with a continuous data logging facility, and a gas train. A gas tight seal is
achieved by attaching rubber bellows to the balance box and the lower flange of the furnace.
The sample is then left in the cool loading zone of the furnace whilst purging with nitrogen
for 15 minutes to exclude all air. The pedestal with the sample is then raised into the hot
zone of the furnace. The sample mass is logged continuously for a specific reaction time,
using the balance interfaced with an 8-bit data logger. At the end of the run the sample is
lowered from the hot zone and left in the cool zone for 15 minutes whilst still flushing with
nitrogen.
In the initial stages of the work a separate liquid lead metal phase was not obtained, and the
resultant matte/metal powder mixture was crushed lightly and leached with sulphuric acid
under various conditions. The residues were filtered off, washed with water and dried at
80°C. These residues were then re-melted at 10000 e in a nitrogen atmosphere whereafter
they were analysed by the Analytical Sciences Division of Mintek for lead and other trace
elements. The leach liquors were analysed for manganese, copper, iron, zinc, lead and silver.
In the later study where a separate lead phase was obtained the MnS-containing matte was
leached with H2S04.
The purification of the leach liquor was done by sparging air through a fast stirring sample at
90°C. The pH was then raised with a diluted NaOH solution. The leach liquor was allowed
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to cool. whereafter H2S was bubbled into the solution for 30 minutes. The solutions were
then analysed again for manganese. iron. zinc and copper.
3.2 RESULTS AND DISCUSSION
The largest pan of the laboratory scale testwork was performed on a hausmannite-containing
Wessels fine ore. A galena concentrate containing 61,6 per cent Pb was used. Unfortunately
only a braunite-type Wessels fine could be obtained for the pilot plant campaign. This
laboratory study includes a short thermogravimetrical investigation of the braunite material.
For this latter work a galena concentrate containing 72,2 per cent Pb was used. A detailed
assay of the braunite-type fines and second batch of galena is given in the pilot plant
discussion (section 4.1). The galena concentrates were obtained from Black Mountain.
A mineralogical examination of the first batch of galena indicated that the concentrate
consists primarily of galena. with sphalerite (ZnS), chalcopyrite (CuFeSz) and pyrrhotite
(Fe 1 - 0,85 S) present as minor species. Silver is probably present as a solid solution phase
in the galena.
The hausmannite-type manganese starting material was Wessels manganese ore fines
consisting of:
Hausmannite
Hematite
Braunite IT
Manganite
Calcite
Baryte
Mn304
Fe203
Cllo.s (Mn,FehSio.S01Z
a-MnOOH
CaC03
BaS04
Table 3.1 shows a typical analysis of the galena and the manganese fines.
3.2.1 Thermodynamic study
The thermodynamics of the reaction between PbS, Mn304 and C were briefly investigated
using the program 'THERMO' (Appendix A). This showed that the reaction becomes
feasible at approximately 550°C (~Go = -42.072 kJ/mol).
The process was also simulated using Mintek's PYROSIM thermodynamic simulation
program-", Table 3.2 gives a summary of the simulating models. Appendix A shows the
detailed simulation of only Trial C, since more detailed simu1ations were performed prior to
the pilot plant campaign (section 4.4.2).
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· Table 3.1: Chemical analysis of the raw materials of the first part ofthe investigation
ELEHE.'JT i CONCENTRATION IN CONCENTRATION IN
i BLACK MOUNTAIN WESSELS HAUSMANNITEI
I GALENAI
I
i
IPb 61,6% 140 ppm
PbS 71,1% -
Zn 6,96% -
Cu 0,90% 46 ppm
Fe 7,34% 10,3%
Ag 0,0615% -
Mn - 48,6%
Mn30~ - 67,5%
Ca I - 3,02%
si - 2,71%
Al - <0,2%
Co - 95 ppm
Ni - 13 ppm
Mg - < 0,5%
From Table 3.2 it can be seen that at an operating temperature of 600oe, 30,18 per cent of the
carbon reports to the metal. At 10000 e only 0,70 per cent of the carbon reports to the metal
and at 1300ce the carbon has decreased to 0,035 per cent. However, at 13000 e 4,11 per cent
of the lead reports to the gas. As this would lead to operational problems it was decided to
concentrate on an operating temperature of 1000ce.
Trials e and E show the effect of carbon addition on the distribution of elements. Addition of
a stoichiometric requirement of carbon causes 0,70 per cent of the carbon to report to the
metal. When a 50 per cent excess of carbon is added the carbon content of the metal
increases to 12,08 per cent. This suggests that an excess of carbon will have a detrimental
effect on lead recovery. Trials e andF show the effect of different PbS to Mn304 ratios on
the dispersion of the elements. When a stoichiometric requirement of Mn304 is added, 89,5
per cent of the lead reports to the metal, whilst at an excess addition of 10 per cent of Mn304'
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92, I per cent of the lead reports to the metal. In both cases all the manganese reports to the
matte. A stoichiometric excess of Mn304 thus appears to have a beneficial effect on the lead
recovery.
Table 3.2: A summary of the models simulated with the Pyrosim programme
TRIAL TEMP RATIOS ELEMENT MASS % REPORTING TO PRODUCT
NO. Cc PbS :Mn30 4
C GAS SLAG METAL MATTE
A 600 1:1:1 Mn 0,006 99,99
pb:
°
85,40 14,60
C 69,82 30,18
B 800 1:1:1 Mn 100
pb 0,005 88,22 11,78
C 92,.1 7,90
C 1000 1:1:1 Mn 100
pb 0,153 89,53 10,31
C 99,29 0,71
D 1300 1:1:1 Mn 0,003 99,98
pb 4,11 85,16 10,74
C 99,97 0,035
E 1000 1:1:1,5 Mn 100
pb 0,174 89,53 10,29
C 87,9 12,08
F 1000 1:1,1:1 Mn 100
pb 0,15 92,09 7,76
C 99,53 0,474
3.2.2 Results of the Hausmannite-type experimental work
Mixtures of various ratios of galena, Wessels fine, and graphite or anthracite were made and
reacted at different temperatures. During the early stages of the project, liquid lead metal
separation was not achieved at IOOOce and the lead metal in the sample was present as metal
powder surrounded by a MnS matte phase. The products were leached with H2S04 under
varying conditions and solution strengths, thereby dissolving the MnS matte. The leach
liquors were then filtered off and analysed for manganese, lead, iron, copper, zinc and silver.
The residues, consisting mainly of lead metal powder, were washed, dried and melted at
lOOOce to produce molten lead pellets. The lead pellets were then analysed for purity.
This investigation had several aims: (i) to determine whether the postulated reaction would
take place to produce lead metal powder and manganese sulphide; (ii) to determine whether
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these two products could be separated by leaching; (iii) to determine whether the leach
liquors could be purified prior to electrolysis to recover the manganese; (iv) to determine
whether optimum recoveries of all the products and elements of interest could be achieved
and; (v) to determine whether liquid metal separation could be achieved during the first
roasting step.
3.2.2.1 An X-ray diffraction study of the products
A preliminary X-ray diffraction study was performed on the matte/metal mixture produced
during a laaOce roast, and on the separate slag and matte formed during a 13aace roast.
According to Figure 3.1, the main phases present after a roast at laOOce were lead metal, and
either MnS, MnOS, or some sub-stoichiometric compound of manganese and sulphur. The
presence of MnS-FeS could also lead to this peak shift. It was impossible to determine the
exact nature of this compound from the XRD data and a more detailed mineralogical
examination was required (section 4.5). Figure 3.2 shows the residue of this sample after
leaching with sulphuric acid. As expected the manganese was removed and the main phase
present was lead metal. A very small amount of unreacted PbS could be seen, but the
presence of this reactant could probably be solved by varying the carbon or Mn304 addition.
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Figures 3.3 and 3.4 illustrate the X-ray diffraction pattern of a sample reacted at
1300cC.During a roast at 1300ce the sample is molten, resulting in a separate metal, matte
and slag phase. Figure 3.3 shows an XRD spectrum of the matte where, once again, the main
phase present is the MnSlMnOS phase. Small amounts of lead can also be detected.
Figure 3.4 shows a XRD spectrum of the slag. The slag is amorphous and the only phases
that can be detected are small amounts of MnS/MnOS and unreacted Mn304' The formation
MnS04 by dissolution of manganese from the matte during leaching, was confirmed by
evaporating the leach liquor to dryness and obtaining an XRD spectrum of the resultant
residue. Figure 3.5 illustrates that the main phase present in the leach liquor is MnS04.H20.
From the XRD patterns it thus seems that the proposed reactions, with possibly a few
intermediate reactions, do take place. However, an elucidation of all the reactions involved
was only possible after an in-depth mineralogical study.
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3.2.2.2 The effect of the manganese oxide-to-lead sulphide ratio
This effect was investigated by roasting the PbS with varying amounts of Mn304 and a fixed
stoichiometric requirement of a reductant. The ratios were calculated on a molar basis. The
following Mn30~ ratios were used: 0,5; 1; 1,1; and 1,5;
Table 3.3: The effectof the Mn30~-to-PbS ratioon the recoveryof Pb, Mn and Fe
C to MnoC~ ra~io = 1:1
Roastir.g co~altio~s: 1000oC,,90 minutes
Leachir.g co~ditions: 3 M H:S0 4 at 25°C
~~'130~ to Pbs Manganese Iron Lead
stoichiomecry recovery recovery recovery
ratio in leach in leach %
% %
J, 5: 1 66 68 0
.
: 1 90,6 91,3 92,3
-
1,1:1 87 87 92,8
1,5:1 72 83 93,5
As expected. a Mn30~-to-PbS ratio of 0,5:1 was too low to allow a good lead recovery. Poor
recovery of iron and manganese was also experienced at this ratio. This was due to the fact
that the stoichiometric requirement of Mn304 was not met, so that insufficient manganese
was available for complexation of the sulphur present in the PbS. This was confirmed by the
XRD data which indicated the presence of large quantities of unreacted PbS. A 1:1 Mn304-
to-PbS ratio resulted in the formation of a lead pellet (after the leaching step) with good
recovery of the other elements. The lead recovery was 92,3 per cent.
An increase in the Mn30~ above the stoichiometric requirement produced a marginal increase
in the lead recovery (93,5 per cent lead recovery at a ratio of 1,5), but caused the manganese
and iron recovery to drop to 72 and 83 per cent, respectively. The decrease in manganese
recovery can be attributed to an excess of Mn304 which did not participate in the reaction,
and which was only slowly soluble in sulphuric acid in the leaching step. Also, roasting of
samples containing a 1,5:1 Mn304-to-PbS ratio resulted in the formation of metallic lead
nodules which complicated subsequent leaching steps. For this reason, and due to the poor
iron and manganese recovery, a 1:1 Mn304-to-PbS ratio was used during further studies.
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3.2.2.3 The effect of roasting temperature on dissolution
The effect of roasting temperature on lead and manganese recovery was investigated by
roasting samples at 800, 1000, 1200 and l300ce. The recipes and the leaching conditions
were kept constant.
Table 3.4 illustrates the marked increase in lead recovery which ocurred with an increase in
roasting temperature up to 1000oe. The lead recovery increased from 51,0 per cent at 8000 e
to 92,3 per cent at 1000°C (after the leaching step). At a temperature of 800ce the reaction
between the various reagents was incomplete. This was confirmed by the XRD spectra which
indicated a predominance of unreacted pbs and Mn304' A roasting temperature of 11000e
was avoided since this temperature is too close to the melting point of lead sulphide
(11440C), and it was felt that operational problems due to sintering or partial percolation of
the metal would be experienced.
Table 3.4: The effect of roasting temperature on manganese dissolution, and lead recovery
C to Mn304 ratio = 1:1
Leaching conditions: 3 M H2S04 at 70°C
Mn 30 4 pbS ratio = 1:1
ROASTING POSITION MANGANESE PB
IN PROCESS RECOVERY IN RECOVERY
OF MELT LIXIVIANT
% %
800 After leach 75 51,0
900 After leach 80 56,5
1000 After leach 90,6 '92,3
1200 1st step 80,3 76,0
1300 1st step 81,7 75,5
At a temperature of 1200 or 1300oe, it was expected that a lead metal button would be
obtained during the first roasting step, i.e. smelting would occur. The matte and slag could
then be leached to recover the manganese. By obtaining a lead melt during the first roasting
step a second high temperature step to melt the lead could be avoided. It was necessary to
determine whether a melt could be obtained in the first step, and whether the manganese
could be recovered from a matte and slag produced at higher temperatures.
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At 13000 e the lead recovery decreased to 75,5 per cent with a simultaneous decrease in the
manganese recovery in the leach liquor. As was expected, a lead pellet was obtained in the
first step of the process at 1300ce. However, roasting of samples in this molten temperature
region resulted in the formation of a very hard matte and slag, which would require an
additional milling step prior to the leaching step. Also, the leach liquor was extremely
gelatinous, making it almost impossible to filter. Another disadvantage of roasting at 1300ce
is the high lead vapour pressure at this temperature, which leads to substantial loss of lead to
the off-gas.
3.2.2.4 The effect of the C-to-Mn304;ratio, and reductant type
Table 3.5: The effect of reductant addition and type on metal recoveries
Mh304:PbS ratio = 1:1
Leaching conditions : 3 M H2S04 at 70°C
Roasting temperature : 1000°C
C:Mh304 REDUCTANT MANGANESE RE- LEAD
RATIO TYPE COVERY IN RECOVERY
LEACH LIQUOR %
%
0,77 Graphite 93,0 50
1 Graphite 90,6 92,3
2 Graphite 91,0 0
1 Anthracite 88,1 86,3
At a carbon to Mn304 ratio of 0,77:1, a lead recovery of 50 per cent was obtained, while the
manganese recovery was 93 per cent. This was due to insufficient carbon for reduction of the
Mn304 to MnO, so that less MnO was available for complexing the sulphur away from the
PbS. This had a detrimental effect on lead recovery.
The manganese recovery was, however, still high and was not influenced by the sub-
stoichiometric addition of reductant. This was due to the fact that Mn304 or partially reduced
Mn304 is fairly soluble in acid. Unreacted Mn304 not participating in the roasting step would
thus still dissolve during leaching to ensure adequate manganese recoveries. Throughout this
investigation it became apparent that the manganese recovery was mostly dependent on the
leaching conditions and was not significantly affected by roasting temperature or reductant
addition.
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At a Cvto-Mn-O4 ratio or 1:1. excellent recoveries of lead and manganese were achieved after
the leaching step (92.3 and 90.6 per cent. respectively). However, at a C-to-Mn304 ratio of
2: I, the lead metal pellet did not form, even after the leaching step.
An A.R. graphite with a fixed carbon content of 96,6 per cent and an ash value of 1,4 per cent
was used for most of the investigations. The effect of a commercial type of reductant on the
roasting step was examined, using Ferroveld raw anthracite with a fixed carbon content of
81,91 per cent and an ash and volatile content of 8,5 and 6,2 per cent, respectively.
From Table 3.5 it can be seen that the use of this type of reductant did not affect the
manganese recovery but that the lead recovery decreased from 92,3 to 86,3 per cent. This is
probably due to the higher ash content of the anthracite, and could possibly be corrected by
the use of fluxes during the second melting step when lead bullion and a small matte layer is
produced. The scale of these experiments was, however, too small with only minute
quantities of matte forming, and it was not feasible to investigate the use of fluxes in this step.
It was however. investigated during the pilot plant campaign.
3.2.2.5 The effect of leaching conditions on dissolution
The effect of concentration and temperature of the lixiviant, and the liquid-to-solid leaching
ratio on the dissolution of lead, manganese and iron was investigated. The results are
presented in Table 3.6 while Figures 3.6 and 3.7 show the dissolution of manganese and iron
respectively.
From Table 3.6 and Figure 3.6 it can be seen thatthe dissolution of manganese increased with
increasing temperature (from 67 per cent at 1M H2S04, a L:S ratio of 10:1 and a temperature
of 25:lC; to 91 per cent at 70°C). The dissolution also increased with increasing
concentration of the lixiviant. The manganese recovery at a L:S ratio of 10:1 and a
temperature of 70°C increased from 91 per cent using a IM H2S04 solution; to 100 per cent
using a 3M H2S04 solution. The same trends can be seen in Figure 3.7 where the iron
dissolution also increases with increasing temperature and concentration of the lixiviant.
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Table3.6: The effect of the concentration of the lixiviant, the liquid-to-solid ratio and the leaching temperature
on the dissolution of Pb, Mn and Fe, as well as the Pb recovery
Mn30 4 : Pb S : C ratio
Roasting conditions
= 1:1:1
1000°Ci 90 minutes
CONCENTRATION LEACHING LIQUID PB IN MN LEACHING FE LEACHING PB
OF LIXIVIANT TEMP. TO SOLID LIQUOR EFFICIENCY EFFICIENCY RECOVERY
M Qc RATIO mg/l % %
0,5 70 10:1 - 73 77 0
1 25 5:1 . 0,3 60 63
1 25 10:1 0,7 67 68
1 25 50:1 2,8 80 75 78,3
1 70 10:1 4,7 91 91 92
1 70 25:1 4,9 96 96 83
3 25 2:1 9,0 78 57
3 25 5:1 9,7 95 84
3 25 25:1 12,0 100 97 88,4
3 70 10:1 13,0 100 93 87,3
3 70 25:1 16,0 100 97 59,1
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The lead recovery was. however, detrimentally affected by harsher leaching conditions.
From Table 3.5 it can be seen that a H2S04 concentration of 0,5M and a L:S ratio of 10:1 was
insufficient for production of a lead melt (Pb recovery = 0%). This was probably due to
insufficient H2S04 (0,337 moles of H2S04) for reaction with all the MnS present. The
remaining MnS coats the lead metal particles preventing them from coagulating into a melt
during the second melting step. With a concentration of IM H2S04 and a L:S ratio of 10 an
excellent lead recovery of 92 per cent was achieved. At the same temperature, however, the
lead recovery decreased to 83 per cent when the L:S ratio was increased to 25:1. At a
concentration of 3M H2S04, a temperature of 70°C and a L:S ratio of 25:1 the lead recovery
was only 59,1 per cent. The lead recovery thus increased with increasing lixiviant
concentration, temperature and L:S ratio but decreased when the conditions were too harsh.
XRD patterns of the residues of samples leached under harsh conditions showed an increase
in PbS04 with increasing temperature and H2S04 molarity. Under these conditions PbS04
precipitates during the leaching step and remains with the lead metal powder residue. During
subsequent melting of the lead metal powder at 1000°C, the PbS04 also inhibits the
coagulation of the lead particles to form a melt. The optimum leaching conditions were as
follows: aIM H2S04 solution at a L:S ratio of 10:1 and a temperature of 70°C.
Under these conditions 92 per cent of the lead, 91 per cent of the iron and 91 per cent of the
manganese were recovered. Leaching was performed for only 30 minutes. A slightly longer
leaching time may well improve the manganese recovery without detrimentally affecting the
lead recovery.
Table 3.6 also illustrates an increase in the amount of lead lost to the leach liquor with an
increasing L:S ratio. The concentration of lead in solution under the harshest condition was
16 ppm. Removal of small quantities of lead from the lixiviant is unnecessary, since traces of
lead are known to be beneficial to the electrowinning efficiency of an electrolytic manganese
facility. This is due to the suppressing effect which lead has on H2 evolution and zinc
corrosion. The concentration of lead in the EMD should, however, not exceed 0,5 per cent.
The shelf life of batteries constructed from EMD containing more than 0,5 per cent lead is
reduced due to corrosion at the zinc anode. Should the lead build up in the recycle stream it
will be eliminated during the liquor purification step. No copper reported to the leach liquor.
As was mentioned before, the leaching testwork at this early stage was performed on a
mixture of metal and matte. Metal separation was, however, achieved on the pilot-plant
testwork and Section 4.6 shows the results of the leaching testwork on the resulting mattes.
31
3.2.2.6 The purity of the lead pellets
The purity of some of the lead pellets produced, with respect to a range of elements, is shown
in Table 3.7.
It can be seen that the purity of the melts with respect to lead was excellent. The lead content,
with the exception of two samples, ranged from 97,5 to 99,6 per cent. The concentrations of
the contaminants in the melts were very low. The iron and zinc concentrations in the lead
melts decreased with an increase in H2S04 concentration from IM to 3M. A slightly longer
leaching time using a IM lixiviant, would probabaly also be sufficient to decrease the
concentrations of iron and zinc in the lead metal. The concentrations of manganese, iron,
zinc and copper tended to increase in sampl~s roasted at 1200 and l300oe, whilst the
recovery of silver in the metal decreased at these high temperatures. The sulphur content
ranged from 0,15 to 0,9 per cent and the carbon content was only 0,2 per cent. The crude
lead bullion produced in the conventional lead blast furnace contains 90 to 99,9 per cent lead,
0,2 to 4 per cent copper and up to 0,5 per cent iron and zinc.28
Table 3.7: The purityof someof the leadpelletsproduced
Mn3O, REDUCTANT TEMPERATURE LEACHING CONDITIONS Pb Mn CONCENTRATION OF VARIOUS ELEMENTS
TO PBS TO Mn30, OF ROAST RECOVERY RECOVERY
RATIO RATIO ·C CONC. OF L:S % % Pb Mn Fe Cu Zn Ag
H,S04 RATIO % ppm ppm % ppm %
LIXIVIANT
M
1 0,7 1000 3 25 59,1 100 96,2 <5. 17 - <10 0,129
1,1 0,7 1000 3 25 63,6 100 99,4 <5 30 0,46 <10 0,15
1 1 1000 1 10 90,3 100 99,1 21 342 - 106 0,16
1 1 1000 1 10 92,3 90,6 97,5 40 120 0,57 220 -
1 1 1000 3 25 82,5 96 97,7 26 61 0,3 21 -
1,1 1 1200 3 10 75,1 95 99,6 300 450 - 200 0,124
1,1 1 1300 3 10 74,4 96,1 99,0 55 480 - 55 0,095
1 1.5 1300 1 10 75,5 81. 7 90,3 400 4500 1,02 - 0,109
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3.2.2.7 The recovery of silver from galena
The galena concentration of lead contains approximately 650 ppm of silver. In conventional
lead smelting processes the silver is collected in the lead bullion, and is then recovered in the
refinery by precipitation with zinc. The same situation was expected to apply to the new
process. To determine the deportment of silver in the Leadman process, the leach liquors and
the lead pellets were analysed for silver. The results are presented in Table 3.8.
Table 3.8: The deportment of silver in the lead-manganese process
Mn30 4 TEMPERATURE LEACHING CONDITIPNS Ag Ag WEIGHT Ag CONC. Ag
TO PBS OF ROAST IN ORE LEACHED OF IN MELT RECOVERY
RATIO °c L:S CONC. OF TEMP BEFORE pprn MELT % %
RATIO LIXIVIANT °c LEACHING pprn
M mg
1:1 1000 50 1 25 15,4 0 16,07 0,080 83,5
1:1 1000 25 3 70 46,1 0 28,60 0,150 93,1
1:1 1000 25 3 70 46,1 0 35,23 0,124 94,8
1,1:1 1000 25 3 70 46,1 0 28,40 0,160 98,6
1, 1: 1 1300 10 3 70 41,4 0 30,40 0,109 80,0
From this table it can be seen that no silver was leached out by the sulphuric acid lixiviant.
As expected, most of the silver was eo-extracted with the lead metal. The silver recoveries
ranged from 93,1 to 98,6 per cent at an operating temperature of 1000°C and decreased to 80
per cent at a temperature of l300°e. This confirms the data given in Table 3.7, which shows
the decrease in the silver concentration of the lead melt when temperatures of 1200 and
1300°C were used.
3.2.2.8 Leach liquor purification
The leach liquor can be utilized to produce manganese chemicals or to recover the manganese
as manganese metal or electrolytic manganese dioxide (EMD). The level of impurities in the
electrolyte feed to the electrolytic cells of an EMD and electromanganese facility has an
important effect on the current efficiency. It has been found that all metals more noble than
manganese, such as copper, zinc, nickel and iron, will decrease the current efficiency at
which manganese can be plated. Metals less noble, such as the alkali and alkaline earth
metals will have no effect on the current efficiency. As mentioned before, a small amount of
lead is actually beneficial. The maximum levels of some impurities that can be tolerated in
the liquor are shown in Table 3.9.
33
Table 3.9: Specifications of an electrolyte suitable for an electrolytic cell
IMPURITY MAXIMUM LEVEL (p.p.m. )
Iron 15
Zinc 10
Copper 5
Nickel 1
The leach liquors of this investigation contained, prior to purification, high concentrations of
manganese, iron and zinc, but trace amounts of copper and nickel. This investigation was
thus aimed at the removal of iron and zinc. The solutions, depending on the operating
conditions, typically analysed as follows:
Mn 5 - 10 g/l
Fe 3 - 8 gll
Zn 1,5 - 3 g/l
ce <5 ppm
Ni < 1 ppm
Pb 0,8 ppm
During the leaching testwork most of the experiments were conducted at a L:S ratio of 25: 1,
and these liquors were used for the liquor purification tests. The manganese concentration
was typically 5 to 10gllitre. Section 3.2.2.5 showed that a L:S ratio of 10:1 was more
beneficial towards overall recovery and that a L:S ratio of as low as 5:1 could be used. The
concentration of manganese in solution will then be closer to that of lixiviants encountered in
industry, such as the electrolyte from Delta Manganese (-31g/litre of Mn).
The purification of the solution was attempted by precipitation of the base metals as
hydroxides and as metal sulphides. Metal sulphides can be precipitated at controlled pH, by
adding either freshly precipitated MnS, ammonium sulphide, or by sparging with H2S gas.
Precipitation of the sulphides with H2S was chosen for this study as H2S is a by-product of
the leaching step which could be utilized this way.
Table 3.10 shows the calculated pH values at which the various metal hydroxides and
sulphides will precipitate;
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Table 3.10: Approximate pH values at which precipitation of various metal salts commences
CONCENTRATION pH AT WHICH pH AT QUANTITATIVE
OF METALS PRECIPITATION REMOVAL (TO A LEVEL
IN SOLUTION BEGINS OF 10 TO 15 P.P.M.)
Zn (OH) 2 [Zn] = O,0188M 5,4 6,4
Fe (OH) 2 [Fe] = O,0334M 6,2 7,3
Mn (OH) 2 [Mn] = O,0563M 7,3 8,5
FeO.OH 2 4
ZnS [Zn] = O,0188M ~ 0,8 1,8
FeS [Fe] = O,0334M 3,7 4,8
MnS [Mn] = O,0563M 6,0 8,3
3.2.2.9 Precipitation of the base metals as hydroxides
From Table 3.10 it can be seen that zinc can be removed from a solution as zinc hydroxide by
raising the pH above 5, while precipitation of iron hydroxide occurs at pH values greater than
6. Manganese precipitation begins at a pH of 7,3 and in order to avoid manganese loss the pH
of the solution should not exceed this value. Figure 3.8 shows the effect of pH on the removal
of the metals as hydroxides.
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Figure 3.8: The removal of Fe. Zn and Mn as hydroxides as a function of pH
Only 35 per cent of the zinc was removed by precipitation as zinc hydroxide, even at high
pH. All the iron was removed at a pH of 8, but at this pH approximately 17 per cent of the
manganese was lost as a hydroxide. The manganese started precipitating at a pH of 6,5. The
zinc and iron can thus not be decreased to acceptable levels without losing a large proportion
of the manganese. Purification of the leach liquor, using hydroxide precipitation, was thus
discontinued.
3.2.2.10 Precipitation of the Fe and Zn as sulphides
Table 3.10 illustrates that precipitation of ZnS occurs from pH 0,8 to 1,8, while FeS
precipitates at pH 3,7 to 4,8. MnS starts precipitating at a pH of 6. In order to precipitate the
iron and zinc, but not the manganese, the pH should theoretically thus not be raised above 6.
Table 3.11 shows the effect of various solution conditions on the purification of the
electrolyte. The pH of the solution was raised to 5,9 with dilute ammonia whereafter H2S gas
was bubbled into the sample (run no. 1). The iron and zinc concentrations, after precipitation
and filtration, were lower than the maximum specifications, but 99,1 per cent of the
manganese was eo-precipitated. The experiment was repeated using NaOH instead of
ammonia as the neutralizing agent (run no. 2). Only 10,5 per cent of the manganese was now
eo-precipitated, but the iron precipitation decreased to 53,3 per cent. The use of lime as a
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neutralizing agent was not investigated in detail but a single quick test showed that the
sulphide filter cake contained no manganese (run no. 8).
It should be mentioned that when the pH was adjusted to 5,9 prior to H2S addition,
precipitation of some hydroxides occured. After H2S was added most or all of the hydroxides
were converted to sulphides since metal sulphides are more stable than the hydroxides. The
iron was precipitated as Fe(OH)z during the pH adjustment step and due to the very
gelatinous nature of this compound it is possible that the manganese was eo-precipitated.
This Fe(OH)z can precipitate from the solution at a pH of up to 8. It was decided to oxidize
the Fe2+ to Fe3+ with o~ygen at 90°C, in _,order to precipitate the iron as goethite (FeO.OH).
Goethite is a stable, crystalline form of iron hydroxide which is easier to filter and which
would probably not eo-extract the manganese. Goethite precipitates at a pH of 2 to 4. The
Goethite process is a well-known process which is used in the zinc industry. Table 3.11, (run
no. 3), shows the effect that oxidation prior to sulphide precipitation had on the removal of
the metals of interest. It can be seen that oxidation of the iron had no effect on the removal of
the iron from the solution (53,6 per cent) but that only 3,2 per cent of the manganese was eo-
extracted. This result supports the hypothesis that manganese was eo-precipitated with
Fe(OH)z.
Table 3.11: The effect of various solution conditions on the removal of Fe and Zn by sulphide precipitation
RUN PRE-TREATMENTS H,S ALKALI MANGANESE IRON IRON LEFT ZINC ZINC LEFT
NO. mllmin USED LOST IN REMOVED IN SOLUTION REMOVED IN SOLUTION
FILTERCAKE % ppm % ppm
%
1 pH adjusted to 5,9 200 NH.OH 99,1 99,9 2 100 0
2 pH adjusted to 5,9 200 NaOH 10,5 53,3 2800 99,9 5,5
3 Oxidation 200 NaOH 3,2 53,6 2600 99,9 4
4 Final adjustment 200 NaOH 9,9 99,1 48 99,6 15
to 5,9
5 Oxidation + buffer 200 NaOH 4,5 91,8 460 99,9 3
6 Oxidation + buffer 200 NaOH 4,5 99,7 16 99,9 5
final pH to 5,9
7 Filtration 2-step 200 NaOH 0 99,9 4 99,9 2
8 pH adjustment to 5,9 200 Lime 0
It was noticed that the pH of the solution decreased sharply from the adjusted pH 5,9 to 3
when the H2S was added to the liquors. A final pH of 3 was sufficient to precipitate all the
ZnS, but was unsuitable for iron removal since FeS only starts precipitating at a pH of 3,7.
The final pH of the solution thus seems to be critical and it was thought that either a second
pH adjustment was required, orthat the pH could be controlled with the use of a buffer. Run
4 shows the effect of a final pH adjustment on the iron removal with the iron extraction
increasing from 53,6 to 99,1 per cent. However, the manganese loss was 9,9 per cent and the
concentrations of iron and zinc in solution were still higher than the maximum allowable
concentrations. Run 5 shows the effect of a buffer on the purification. The manganese loss
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was now only 4,5 per cent. A slight pH drop was observed although not as much as that
which occurred in the absence of a buffer. It was thus decided to repeat the experiment and
to do a final minor pH adjustment to 5,9. Run 6 shows that this had the desired effect and
that the iron recovery was now 99,7 per cent. The iron and zinc concentrations in the
electrolyte were now 16 and 5 ppm, respectively. Although the iron and zinc concentrations
were within the relevant specifications, it was thought that the purity of the liquor could still
be improved by performing a two-step precipitation. The iron and zinc could be separated
quantitatively by first filtering off the iron as a goethite precipitate at a pH of 5,9. H2S could
then added to the remaining liquor to precipitate the zinc as ZnS. Theoretically no buffer or
final pH adjustment would be necessary .even though the pH would drop to 3, since ZnS
precipitates at a pH of 0,8 to 1,8. Run 7 shows that excellent purification was achieved, with
iron and zinc concentrations in the solution as low as 4 and 2 ppm, respectively. There was
also no manganese loss. Quantitative separation of the iron and zinc was not achieved as
45,1 per cent of the zinc was eo-extracted with the iron. This was due to the fact that
Zn(OH)z started precipitating at a pH of 5,4 and that some zinc precipitation had occurred at
the operating pH of 5,9. Better separation of the iron and zinc could probably be achieved if
the reaction was performed at a pH of about 5. It was felt that this area lay outside the scope
of the investigation and since excellent purification of the electrolyte was achieved no further
attempts were made to separate the iron and zinc.
3.2.2.11 The effect of using fluxes during the roasting step
It would obviously be advantageous if the metal could be tapped off as a liquid immediately
after the roasting step as the second melting step could then be eliminated. It was thought that
the addition of a flux would aid the separation of the matte and the metal.
XRD analyses of a large number of samples revealed the presence of lead metal which had
not separated from the matte. When an ore or concentrate is smelted without flux, the
physical separation of the gangue, or in this case the matte, from the valuable metal is only
partially achieved. This is due to poor slag properties of the molten gangue. In order to
achieve good separation the slag has to meet certain specifications. These specifications can
be met by varying some of the slag properties, such as the liquidus temperature, viscosity or
mass of slag. The operating temperature of the furnace should be about 1000 e above the
liquidus temperature to ensure that the slag viscosity is sufficiently low to allow percolation
of the lead metal to the bottom of the crucible. Not only should the addition of fluxes lower
the liquidus temperature of the matte, but is should also decrease the viscosity of the matte to
allow better percolation of the metal. Table 3.12 shows the effect of various fluxing mixtures
on the lead separation and recovery.
38
From Table 3.12 it can be seen that the lead recovery as liquid metal was 73,2 per cent when
a 5 per cent CaFiNaF mixture was used. This study included an investigation into the effect
of a Na2C03 flux on the hausmannite, as well as the braunite starting material used for the
pilot plant campaign. Table 3.12 shows that the addition of Na2C03 as a flux had a beneficial
effect on lead recovery and that the recovery increased to 87,9 per cent in the case of
hausmannite and 93,5 per cent with braunite. It can be seen that a Na2C03 addition of
approximately 2 per cent would probably be sufficient for the large scale work.
Unfortunately at the start of the campaign additions of 2 and 2,5 per cent Na2C03 had not yet
been investigated, and additions of 5 and 10 per cent were thus used. A lower Na2C03
addition will have a fairly large impact onthe techno-economic assessment and an addition of
2 per cent Na2C03 was used for these calculations.
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Table 3.12: The effect of using f1uxes in the roastingstep on the Pb recovery
C PbS = 1:1:1
MATERIAL FLUX TYPE ROASTING Pb
TEMPERATURE RECOVERY
(OC) (%)
WESSELS CaF 2 5% 1300 73,2
Hausmannite NaF 5%
No flux 1000 no melt
or Pb
nodules
Na2C03 2,5% 1000 small
nodules
of Pb
Na2C03 5% 1000 71,5
Na2C03 10% 1000 87,9
WESSELS No flux 1000 No pb
Braunite nodules
Na2C03 1% 1000 13,8
Na2C03 2% 1000 90,1
Na2C03 2,5% 1000 90,2
Na2C03 5% 1000 93,1
Na2C03 10% 1000 93,5
3.2.2.12 Reaction kinetics
In an effort to determine the reduction kinetics and the reaction rate a sample containing
braunite, galena, anthracite and 10% N~C03 was reacted at 1000°C whilst the mass loss as a
function of reaction time was logged. A sample containing hausmannite instead of braunite
was also reacted. (a detailed analysis of the braunite material is given in Section 4.1).
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It was, however, virtually impossible to relate reduction data to the mass loss data, due to the
impact of a number of reactions taking place. The following reactions would have an effect
on the mass loss of the sample:
a) Volatilization of Pb(g)
b) Volatilization of PbS(g)
c) H20 and volatile loss from anthracite
d) Na2C03 ~ Na20 + CO2
e) 2PbS + Mn203 + 3C~ 2Pb + 2MnS + 3CO (or Mn304 ~ MnS)
f) 2ZnS + Mn203 + 3C ~ 2Zn + 2Mn~ + 3CO
g) 2FeS + Mn203 + 3C -7 2Fe + 2MnS + 3CO
A blank run was performed on pure lead metal in order to determine the mass loss due to
volatilization of Pb(g). The results obtained from this test were however, meaningless, since
almost 40 per cent of the lead was lost to the gas phase after one hour at 1000°C. From
previous experimental work it was found that this loss is not representative of the loss when
using a mixture of raw materials (Pb recoveries were as high as 92,3 per cent). In a mixed
bed the other raw materials probably inhibit volatilization of the Pb and PbS, and this could
also have an effect on the other reactions taking place. For this reason it was difficult to relate
the mass loss obtained to accurate reduction data. The mass loss data should, however, give a
fair indication of the reaction time needed.
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Braunite - Pb recovery=93.5°/o
Hausmannite - Pb recovery-8l.9o/o
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Figure 3.9: Percentage mass loss versus reaction time of braunite and hausmannite
From Figure 3.9 it can be seen that the reduction of both samples proceeded very rapidly up
to approximately 25 minutes, whereafter the rate of reduction diminished slowly.
Approximately 90 per cent of the mass loss was achieved within 25 minutes. Based on these
results it was decided to employ reaction times of about 1 hour on the pilot-plant campaign.
A lead metal button was obtained in the roasting step and the lead recovery was 93,5 per cent
and 87,9 per cent for braunite and hausmannite, respectively. The reaction of hausmannite
(Mn304) with PbS and carbon is actually more thermodynamically favourable than braunite
(Mn203)' It would therefore be expected that the recovery from hausmannite would be higher
than from braunite. However, the composition of the gangue is very important since it may
have a ftuxing effect.
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The Gibbs free energy of the various reactions (in order of increasing favourability) are as
follows:
MnO+PbS +C->Pb +MnS +CO;
Mn203 + 2PbS +3C -> 2MnS + 2Pb + 3CO;
Mn02 + PbS +2C -> MnS + Pb + 2CO;
Mn304 + 3PbS +4C -> 3MnS + 3Pb + 4CO;
3.2.2.13 Agglomeration testwork
~G = -41611 llmol
~G = -222149 llmol
~G=-229294 llmol
~G=-236364 llmol
It is not certain what raw material particle size can be tolerated in this type of operation. In
order to promote good contact between the ore and the reductant it was decided to pelletize
the feed material. The use of sodium silicate as a binder, requiring only drying in a hot air
stream, was the most suited for the process. Curing of the pellets took place at a temperature
of approximately 150°C. This operation could be attained on a plant through heat exchange
of the wet green pellets with hot, combusted furnace off-gases.
Silchem 3379, obtained from Silicate and Chemical Industries, was used as the binder. The
selection of this particular grade of sodium silicate is the grade recommended by SCI as the
most cost effective for this type of application. Details of the composition, physical and
chemical characteristics are given in Table 3.13.
Table 3.13: Physical and Chemical Characteristics of the Silchem binder
8ilchem grade 8ilchem 3379
Typical application Refractory linings, corrosion
inhibition, furnace cement,
agglomeration, briquetting,
pelletizing, adhesives
Mean density at 20°C 79°Tw; 41,1°Be; 1,39588
Viscosity at 20°C 200 - 400 CP
Litres per metric ton 717
Tons/m3 1,395
Mean weight ratio Si02:Na2O 3,3
Mean Na20 content 8,81%
Mean Si02 content 29,04%
Mean total solids 37,85%
The sodium silicate is obtained in the form of a solution, containing approximately 38 per
cent by mass of the sodium silicate. The solution requires dilution prior to use as a binder.
Typically, a solution strength in the order of 25 to 50 per cent (mass/mass) is used.
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Apart from binder type, pellet strength is also a function of particle size distribution. In order
to obtain a good quality pellet, a fairly broad particle size distribution (p.s.d.) with
approximately 70 per cent passing 741lm is considered necessary. A flat size distribution will
ensure that the materials compact easily and that the pellet has a high apparent density, with
good mechanical strength. As the p.s.d.of the material steepens, so the material becomes less
suitable for pelletizing. Also as the material becomes finer, more binder is needed. The cost
of milling should be weighed against the increased cost of additional binder. It is unlikely
that binder additions in excess of 4 per cent would be economically viable.
As the Wessels ore and Zululand anthracite were received in the form of chunks, these
materials had to be milled. Figure 3.10 shows the p.s.d. curves for the various materials. The
galena, Wessels fine and limestone were very fine and all had in excess of 80 per cent fines
passing 741lm. The anthracite and Na2C03 provided the more lumpy material needed to
produce good quality pellets.
100 150 200 250 300
particle size (micron)
350 400 450
I..... · Galena -M - Wessels -..- Anthracite -3-' Soda
Figure 3.10:The particle size distribution curves of the various rawmaterials
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Preliminary laboratory scale testwork was conducted with the intention of assessing the
approximate sodium silicate concentration that would be needed to produce pellets with
adequate physical strength. Though definite recommendations are not available in the
literature on the pellet strength required for successful operation of a rotary furnace, it is
believed that a pellet strength in the region of 30kg/pellet is probably adequate.
The laboratory scale agglomeration was performed on milled material using a 0,6m diameter
pelletizing disc. The pelletized material was then dried at 150°C prior to compressive
strength testing. The physical strength of the pellets were determined using a laboratory
pellet compression tester.
Pellet strength is expressed in terms of load at rupture (kg/pellet) and circumferential stress at
failure (MPa) in order to avoid possible discrepancies as a result of pellet size. The effect of
binder addition on pellet strength is shown in Table 3.14.
Table 3.14: Pellet Strength
Sample Raw Materials Binder Type Silchem Average Average Compressive Strength
No. addition Pellet Density
% size (g/cm3 N kg/ MPa
mm pellet
1 Galena, Wessels, 25% solution of Silchem 1,6 12,85 3612 47,2 4,81 0,36
Anthracite Silchem
2 Galena, Wessels, 50% solution of Silchem 3,2 14,40 2939 302,6 30,85 1,83
Anthracite Si1chem
3 Galena, Wessels, 25% solution of Silchem 1,6 12,57 3044 621,8 63,38 5,08
Anthracite, Na2C03 - 5% Silchem Na2C03 5%
+ 5% Na2C03
4 Galena, Slaked lime, Water' curing time 17,05 1833 505 51,48 2,21
Anthracite = 1 day
5 Galena, Wessels, 12,5% solution of Silchem 0,8 15,15 3121· 470,8 48,04 3,85
Anthracite, Na2C03 - 5% Silchem Na2C03 5%
+ 5% Na2C03
Galena and anthracite were mixed with either a manganese ore or with lime, as well as
various binder systems. Table 3.14 shows that the addition of a 25% Silchem solution (25%
Silchem / 75% H20 rn/m) to a manganese ore was not sufficient for adequate pellet strength
(pellet strength was only 4,81 kg/pellet). The addition of 5 per cent Na2C03 to a 25%
solution, however, produced a strong pellet (strength =31 kg/pellet). Although Na2C03 is
not strictly a binder, it is also known to have binding properties. The compressive strength of
pellets containing only 0.8% Silchem (12.5% solution) and 5% Na2C03 was 49 kg/pellet. The
use of a 50% Silchem solution also resulted in a pellet with adequate physical strength
(63 kg/p). When galena, anthracite and lime were pelletized the lime acted as a binder, due to
its cementing action, and the compressive strength was 51 kg/pellet.
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Larger scale pilot plant pellet manufacture was undertaken in order to produce the pelletized
feedstock for the smelting campaign. Although a Silchem addition of 12.5% solution
strength was adequate when Na2C03 was added, not all the recipes for the campaign
contained Na2C03 and to ease operations of the large-scale pelletization it was decided to use
a 50% solution of Silchem throughout. In order to prevent any possible error in terms of the
composition of feed introduced to the furnace and to enhance intimate contact, specific
recipes were pre-weighed and mixed prior to pelletizing. The pellets were produced using a
lrn diameter pelletizing disc. Drying was performed on a batch basis at a temperature of
approximately 150°C using a bogie hearth furnace. The pellets produced were of adequate
physical strength.
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Chapter 4
PILOT PLANT SMELTING CAMPAIGN
4.1 RAW MATERIAL DATA
Details of the chemical analysis of the materials used in the pilot plant investigation are given
in Table 4.1.
The Wessels manganese ore (obtained from Metalloys Meyerton) and the Zululand anthracite
were both received in the form of lumpy material and had to be milled prior to any testwork.
The galena was received as a fine flotation concentrate. The lime used in the project was
Kulubrite calcium carbonate with a CaC03content of 95,1% and a MgC03content of 3,29%.
The purity of the Holpro Na2C03 flux was 97,4%.
The Wessels manganese ore was a braunite-type ore. All the ore minerals were not present as
pure Mn203' as the Wessels contained a proportion of Fe203 in solid solution with the
Mn203. Hematite was also present.
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Table4.1: Raw Material Data
Component Black Wessels (W1) Zululand
Mountain fine Anthracite
galena (mass %) (mass %)
(mass %)
Pb 72,7 0,016 -
PbS 83,95
- -
S 14,7
- 0,03
Total Mn - 48,3 -
Mn20 3 - 69,4 -
Fe 3,85 10,8 0,69
Fe203 - I - 0,98
Zn 3,62 0,016 -
Cu 0,51 0,008 -
Ni 0,017 0,002 -
Al - 0,16 -
Al 20 3 0,57 - 2,33
Sio2 2,30 5,18 3,93
Ca 0,19 3,71 0,104
CaD 0,26 - 0,145
Ag 0,0626 0,0001 -
Bi 0,0552 0 -
Cd 0,0124 0 -
As 0,002 0,007 -
Se 0,0005 0 -
Cr 0,0170 0,009 -
Mg <0,03 0,49 0,07
Moisture - - 1, 48
Volatiles - - 7,64
Fixed C - - 82,9
Ash - - 7,98
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4.2 SMELTER ARRANGEMENT AND EXPERIMENTAL
METHODS
The smelting testwork was cond ucted on a pilo t-plant scale vers ion of a Short rotary furnace,
with a volume of about 40/. and an effective worki ng volume of 10f. T he furnace is a
con ically shaped, refractory-lined container rotating abo ut an ax is, to which heat is
introduced with a blast of burning gas from the top. The furnace can be tilted in order to tap
molten materia l. During normal operation the furnace is tilted at an angle of 30° to the
horizontal. It is ro tated at 10 r.p .m. The off-gases are ex tracted from the vesse l to a
baghouse filte r. Prop ane gas and ox ygen were used to supply the energy during this testwork.
Figure 4.1 shows a schematic layou t of the furnace.
Variable speed geared motor
Figure 4.1: Schematic layout of the rotary furnace
The converter was wa rmed up and pure lead metal was melted in order to rinse the vessel
before starting the ex perime ntal work. After the " lead was h" was tapped from the furnace,
the batches of composite pellets were hand fed into the furnace . The average processing or
reaction time was about one hour per batch . Furnace and tapping operations ran smoothly
and no practical problems were encountered.
Tapping temperatures varied from 9900 to I07 8°C (disregarding test no. 10, which was
aborted when the pell ets were still solid at I 13 1°C). After a react ion time of an hour the lance
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was removed and the vessel was tilted in order to tap the metal and matte. Spoon samples
were taken midstream by inserting specially designed metal spoons. These samples were
then quenched in water, whereafter they were analysed for a range of elements. The material
in the tapping trays was left to cool to ambient temperature whereafter the lead metal layer
was separated from the overlaying layer of MnS matte. All material was weighed and stored
for further reference.
4.3 RECIPE DATA
As was mentioned before, specific rounds of feed were pre-weighed, mixed, pelletized and
dried prior to introduction to the furnace. An outline of the conditions, postulated reactions
and feed recipes is shown in Table 4.2.
4.4 SMELTING RESULTS AND DISCUSSION
4.4.1 Analysis of the metal and matte
Tables 4.3 and 4.4 show the analyses of the metal and matte, respectively, obtained during the
campaign.
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Run no. Conditions Postulated reactions Total Mass of raw materials
(percentages based on the reaction mass of Galena Wessels Anthracite Soda CaC03 Na2Si03 H2O
of PbS with Mn203 and C) recipe Na20=23.28
(kg) (kg) (kg) (k2) (k2) (kl!) (k2) (k2)
2 PbS:MnZ03:C=lOO%:lOO%:lOO% 2PbS+Mn203+3C=2Pb+2MnS+3CO 25.824 15.587 6.221 1.188 1.181 . 0.798 0.849
5% Na2C03
3 PbS:MnZ03:C=loo%:IOO%:loo% 2PbS+Mn203+3C=2Pb+2MnS+3CO 28.626 18.204 7.265 1.387 . . 0.886 0.884
0% Na2C03
4 PbS:MnZ03:C=IOO%:loo%;120% 2PbS+Mn203+3C=2Pb+2MnS+3CO 27.991 16.76 6.687 1.532 1.282
-
0.866 0.864
5% Na2C03 , .~~
5 PbS:MnZ03:C=loo%:135%:135% 2PbS+Mn203+3C=2Pb+2MnS+3CO 25.788 14.001 7.568 1.444 1.181 - 0.798 0.796
5% Na2C03 2ZnS+Mn203+3C=2Zn+2ZnS+3CO
2FeS+Mn203+3C=2Fe+2MnS+3CO
6 1t'b:):M~U~:(.;=lw'ii>:lw'fD:lw'ii> Ill'bS+MnlU~+j(';=ll'b+lMn:S+j(.;u l:l.7Y4 l:!.Yl b.ll4 1.1lSb. 1.Vy - 0.797 0.84lS
5% Na2C03
7 IPbS:MnZU3:C=I00%:I00%:100% Ill'bS+MnlUJ+jC=ll'b+lMn:S+JCU zs.sn l:!.:n s.ns i.iss l.4llS - 0.785 0.7lSZ
10.7% Na2C03
lS 11'bS:M~UJ:caU:C=IUU%:IUU%:1UU%:1 +ZMnlU3+ZCaU+lSC=bPb+4MnS+ZcaS+lS Z4.44Z 14.97 3.983 1.014 l.1l 1.lS4J U.7:17 U.l:!:!
5% Na2C03 CaO/Mn203=.25
9 PbS:MnZ03:CaO:C=100%:I00%:I00%:I00% 4PbS+Mn203+2CaO+5C=4Pb+2MnS+2CaS+5 22.967 14.155 2.825 0.899 1.052 2.613 0.711 0.712
5% Na2C03 CaO/Mn203=.5
10 PbS:CaO:C=100%:200%:200% PbS+C+CaO=Pb+CaS+CO 20.117 9.755
- 0.991 0.922 7.205 0.623 0.621
5% Na2C03
11 PbS:MnZ03:C-lOO%:100%:100% 2PbS+Mn203+3C=2Pb+2MnS+3CO 21.014 12.684 5.062 0.967 0.961 - 0.649 0.691
5% Na2C03
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Runno. Analysis of the leadmetal
Pb Cu Ag Fe Mn Zn Si Cd As Se Cr
(%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
2 95.5 1980 955 307 <100 <100 600 1 37 7 <100
3 95.5 2660 967 660 <100 <100 638 1 36 5 <100
4 97.4 1920 991 403 <100 <100 600 5 39 4 <100
5 94.3 2580 1012 417 <100 <100 633 3 40 4 <100
6 93.3 915 947 301 <100 <100 609 1 30 4 <100
7 92.8 1190 1027 117 <100 <100 688 1 28 4 <100
8 96.1 528 981 113 <100 <100 657 1 31 4 <100
9 93.3 1430 1052 370 <100 <100 750 1 29 4 <100
11 95.3 933 1003 145 129 <100 660 3 33 6 <100
Run no. Analysis of the lead metal
IC IS INa ICa 1St [AT
(%) (%) (ppm) (ppm) (ppm) (ppm)
2 0.005 ' 0.3 61 <100 <100 <100
3 0.002 0.5 43 <lOO <lOO <100
4 0.004 0.2 57 <100 <100 <100
5 0.002 0.3 42 <100 <100 <100
6 0.001 0.3 59 <100 <100 <100
7 0.005 0.3 91 <100 <100 <100
8 0.003 0.1 100 <100 <100 <100
9 0.002 0.5 40 <100 <100 <100
11 0.004 0.1 97 <lOO <100 <100
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Run no. Analysis of the matte
Mn S Fe Pb 1Zr1 ICu Si ICa Na C
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
2 24.6 14.5 15.2 2.84 3.28 0.63 5.68 2.43 5.45 0.099
3 23.6 11.4 16.7 2.36 2.48 0.71 8.26 3.37 1.36 0.019
4 24.9 15.4 12.8 . 1.66 2.89 0.56 7.22 3.3 4.85 0.065
5 27.6 14.3 15.7 1.5 2.21 0.63 5.83 2.68 . 4.49 0.053
6 26.9 17.9 11.8 5.18 4.15 0.63 5.1 2.4 5.41 0.042
7 26.1 17 11.8 2.23 3.78 0.58 5.1 2.26 9.72 0.051
8 20.7 22.3 11.4 6.85 5.31 0.79 3.35 5.48 6.27 0.056
9 17.3 21.2 18.7 6.63 4.34 0.96 2.67 3.37 6.23 0.101
10 8 3.79 31.1 1.06 0.43 22.4
11 22.2 16.3 9.76 18.8 3.48 0.55 3.9 2.49 4.47 0.546
Run no. Analysis of the matte
Ag Si Cd As Se er
ppm ppm ppm ppm ppm ppm
2 111 0.31 6.2 1.9 89 510
3 82 0.98 1.2 5.8 52 681
4 82 3.8 3.6 1.7 9 763
5 77 3.1 2.7 0.9 15 439
6 157 8.5 14 2.2 52 316
7 120 2.1 0.01 2.5 76 292
8 287 4.2 20 0.9 86 199
9 288 1.1 3.2 4.4 71 398
11 267 144 8.1 17 52 208
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4.4.2 Thermodynamic simulations
The predicted mass and energy balances for each condition were based on simulations
performed using Mintek's PYROSIM pyrometallurgical simulation programme.P This
program performs ideal equilibrium calculations in order to simulate the thermal process and
operates on the minimization of Gibbs free energy for the system. Computer printouts of the
simulations of some of the runs are presented in Appendix B (runs 3,4,5,6,8 and 10).
Table 4.5 shows the simulated data for the distribution of the elements. "Pyrosim" predicted 7
per cent iron in the metal phase. The metal phase produced during the experimental work
consisted of approximately 95 per cent lead and only small amounts of iron. Given the
reducing conditions in the converter, this should theoretically be possible. A few per cent zinc
was also predicted in the metal phase. Due to the configuration of the furnace most of the
zinc present was volatilized and this is reflected in the low levels of zinc encountered in the
metal phase. The carbon content of the products were also much lower than predicted. Any
carbon present in the liquid matte would probably be converted to CO and/or CO2, given the
configuration of the converter. It must be pointed out that "Pyrosim" cannot give completely
accurate simulations. The model considers a closed system under ideal conditions and in
practice these conditions are hardly met. The model does, however, give a fair indication of
what may be expected from a proposed process.
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Simulated results
MATTE
Test MnS(%) Si02 C CaD FeO FeS MnO Na2C03 PbS . ZnO
2 52.3 8.5 2.8 4.8 1.8 2.0 7.8 ]5.7 1.1 0.7
3 53.6 8.6 3.4 4.9 1.7 1.9 7.9 14.2 1.0 0.7
4 52.2 8.8 4.5 4.8 1.5 1.6 7.5 15.6 0.9 0.6
5 44.1 7.7 5.7 5.4 1.2 0.5 19.4 13.6 0.2 0.4
6 52.3 8.6 2.9 4.9 1.8 2.0 7.8 15.7 1.1 0.7
7 46.6 7.7 2.7 4.3 1.8 1.9 7.2 24.0 1.1 0.7
8 36.7 4.2 0.7 16.4 2.4 7.1 2.0 15.3 11.2 1.7
9 24.9 2.3 0.3 20.0 2.3 7.1 1.3 13.8 23.6 2.4
.'-\
11 39.4 1.0 0.9 23.7 3.9 2.6 9.6 13.4 2.1 1.4
Simulated results
METAL
Test Pb(%) Fe Zn eu Mn
2 89.7 7.5 1.6 0.6 0.010
3 89.4 7.7 7.7 0.6 0.010
4 89.1 7.9 7.9 0.6 0.010
5 86.9 9.6 9.6 0.6 0.040
6 89.7 7.6 7.6 0.7 0.010
7 89.8 7.4 7.4 0.7 0.008
8 95.1 2.8 2.8 0.8 0.000
9 96.7 1.4 1.4 0.9 0.000
11 92.7 5.4 5.4 0.7 0.004
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4.4.3 Energy requirements
Table 4.6 shows the predicted (Pyrosim) energy requirements.
Table 4.6:Predicted energy requirements for the campaign
TEST ENERGY PREDICTED
NO. kWh per h
2 1,56
3 1,40
4 1,84
5 0,52
6 1,55
7 2,09
8 3,79
9 4,47
11 3,45
Average 2,30
Substantially more energy was used than was predicted from the simulated model, and this
can be ascribed to the configuration of the relatively small pilot-plant rotary furnace. A large
proportion of the energy used can be attributed to heat losses. The furnace consists of a
relatively small vessel and a large lance system, whereas in an industrial rotary furnace this
would not be the case. In the experimental set-up the large flame heats not only the charge,
but also the walls of the vessel. The walls of the vessel are also very thick compared to the
actual working volume of the furnace. Additional heat loss occurs due to transfer of heat
from the vessel to the atmosphere, since this system is not fully closed. The tapping
operation also requires more energy than a large scale plant would. Industrial rotary furnaces
are about 50 per cent effective; Le. about twice the energy necessary for smelting must be
supplied to the vessel. The techno-economical evaluation is therefore not based on the
practical energy requirement but rather on double the simulated requirement.
4.4.4 Element balances
In general good accountability of all the components was achieved over the smelting
campaign, especially in view of the relatively small scale of the experiments. Since the gas
phase was not monitored the accountability study involves only the metal and matte phases.
Tables 4.7 to 4.16 show the distribution and recovery of Pb, Mn, Cu, Fe, Zn, S, Ag, Bi, As
and Cd, respectively, in the metal and matte phases.
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The purity of the lead metal produced (for example Run 4) compared with blast-furnace lead
bullion treated in refining plants is as follows:
Pb
Cu
Fe
Zn
As
Bi
S
Ag
Leadman lead (%)
97.4
0.19
0.04
<0.01
0.004
0.06
0.2
0.01
Blast-furnace (%)
90-99.9
0.2-0.4
0-0.5
0-0.5
0-2
0-6
0.2-0.3
0-2
For run no. 4 the lead content was 97,4 per cent whilst the lead recovery was 90,3 per cent.
Almost all of the silver was recovered with the lead. The contaminants, such as Fe, Zn, Mn,
Cr, Na, Ca, Si, Al and Cd were present at very low levels. The bismuth and arsenic were, as
with the conventional lead process, contained within the lead metal. The carbon content was
only 0,004 per cent. The purity of the Leadman lead was thus better than that of the blast-
furnace lead. It should be noted, however, that the Black Mountain galena used for this study
is a 'clean' concentrate which contains relatively few impurities. It is not certain how the
Leadman process would have performed with a concentrate containing more arsenic,
antimony and copper.
Table 4.17 shows the element accountability for each run, as well as an average overall
accountability for each element.
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Run no. Pbin Mass of Pb Pbin Mass of Mass of Pb Pbrecovery Pbin Massof MassofPb Pbrecovery Pb
galena galena init metal metal in metal in metal matte matte in matte in matte accountability
% kg kg % kQ kQ % % kQ kg % %
2 72.7 15.587 11.332 95.50 10.912 10.42096 92.0 2.84 14.042 0.39879 3.5 95.5
3 72.7 18.204 13.234 95.50 10.115 9.65983 73.0 2.36 14.695 0.34680 2.6 75.6
4 72.7 16.760 12.185 97.40 11.293 10.99938 90.3 1.66 12.145 0.20161 1.7 91.9
5 72.7 14.001 10.179 94.30 8.785 8.28426 81.4 1.50 12.615 0.18923 1.9 83.2
6 72.7 15.570 11.319 93.30 11.014 10.27606 90.8 10.70 8.755 0.93679 8.3 99.1
7 72.7 15.330 11.145 92.80 10.583 9.82102 88.1 2.23 10.704 0.23870 2.1 90.3
8 72.7 14.970 10.883 96.10 9.840 9.45624 86.9 6.85 8.660 0.59321 5.5 92.3
9 72.7 14.155 10.291 93.30 9.023 8.41846 81.8 6.63 8.536 0.56594 5.5 87.3
11 72.7 12.684 9.221 95.30 7.391 7.04362 76.4 18.80 8.556 1.60853 17.4 93.8
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Run no. Mnin Mass of Mn Mnin Mass of MassofMn Mnrecovery Mnin Mass of Mass ofMn Mnrecovery Mnsmelting
WesseIs Wessels init metal metal in metal inmetal matte matte in matte inmatte accounlability
% kg kg % kg kg % % kg kg % %
2 48.3 6.221 3.00474 0.0100 10.912 0.00109 0.0 24.6000 14.042 3.45433 115.0 115.0
3 48.3 7.265 3.50900 0.0100 10.115 0.00101 0.0 23.6000 14.695 3.46802 98.8 98.9
4 48.3 6.687 3.22982 0.0100 11.293 0.00113 0.0 24.9000 12.145 3.02411 93.6 93.7
5 48.3 7.568 3.65534 0.0100 8.785 0.00088 0.0 27.6000 12.615 3.48174 95.3 95.3
6 48.3 6.214 3.00136 0.0100 11.014 0.00110 0.0 26.9000 8.755 2.35510 78.5 78.5
7 48.3 6.118 2.95499 0.0100 10.583 0.00106 0.0 26.1000 10.704 2.79374 94.5 94.6
8 48.3 3.983 1.92379 0.0100 9.840 0.00098 0.1 20.7000 8.660 1.79262 93.2 93.2
9 48.3 2.825 1.36448 0.0100 9.023 0.00090 0.1 17.3000 8.536 1.47673 108.2 108.3
11 48.3 5.062 2.44495 0.0129 7.391 0.00095 0.0 22.2000 8.556 1.89943 n.7 n.7
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HUlI1O. :UlI1 MaSs Of ,0.1 In ,MaSsof Total 0.1 ~11 lMasaof -, 10.1recovery purn ,Mass of Mass of OJ OJrea:NetV 0.1
galena galena WesseIs WesseIs init me1al me1al In metal In metal rnatle matte Inmatte inmat18 a<X:OW1tabiily
% kg kg kg kQ % kQ ka % % kQ kQ % %
2 0.0100 IO.:llJ1 U.uutl 0.,,' U.U/~~ U.1~tlU 1U.~1' U.~101 'I.U U.C);j 14.U4' 110.6 137.6
3 0.5100 18.204 0.008 7265 0.09342 02660 10.115 0.02691 28.8 0.71 14.695 0.10433 111.7 140.5
4 0.5100 16.760 0.008 6.687 0.08601 0.1920 11293 0.02168 252 0.56 12.145 0.06801 79.1 104.3
5 0.5100 14.001 0.008 7.568 0.07201 02580 8.785 0.02267 31.5 0.63 12.6f5 0.07947 110.4 141.8
6 0.5100 15.570 0.008 6214 0.07990 0.0915 11.014 0.01008 12.6 0.63 8.755 0.05516 69.0 81.6
7 0.5100 15.330 0.008 6.118 0.07867 0.1190 10.583 0.Of259 16.0 0.58 10.704 0.06208 78.9 94.9
8 0.5100 14.970 0.008 3.983 0.07667 0.0528 9.840 0.00520 6.8 0.79 8.660 0.06841 892 96.0
9 0.5100 14.155 0.008 2.825 0.07242 0.1430 9.023 0.01290 17.8 0.96 8.536 0.08195 1132 131.0
11 0.5100 12.684 0.008 5.062 0.06509 0.0933 7.391 0.00690 10.6 0.55 8.556 0.04706 72.3 82.9
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RWlno. Fe In Mass of Fen Mass of Fe In IMass of Total Fe I,..eln Mass of IMassoffe re reccNef'J l,..ell1 Mass of Mass of te Ire reeollery re
galena galena WesseIs WesseIs antlvacitle anlhracite init metal metal in metal in metal matte matte inmatIB inmatIB accountabiBty
% kg % kg % kQ kQ % kQ kQ % % kQ kQ % %
2 3.85 15.587 10.8 6.221 0.69 1.188 1.280 0.0307 10.912 0.00335 0.3 15.20 14.042 '2.13438 166.7 167.0
3 3.85 18.204 10.8 7.265 0.69 1.387 1.495 0.0660 10.115 0.00668 0.4 . 16.70 14.695 2.45407 164.1 164.6
4 3.85 16.760 10.8 6.687 0.69 1.532 1.378 0.0403 11.293 0.00455 0.3 12.80 12.145 1.55456 112.8 113.1
5 3.85 14.001 10.8 7.568 0.69 1.444 1.366 0.0417 8.785 0.00366 0.3 15.70 12.615 1.98056 145.0 1452
6 3.85 15.570 10.8 6.214 0.69 1.186 1.279 0.0301 11.014 0.00332 0.3 11.80 8.755 1.03309 80.8 81.0
7 3.85 15.330 10.8 6.118 0.69 1.168 1.259 0.0117 10.583 0.00124 0.1 11,80 10.704 1.26307 100.3 100.4
8 3.85 14.970 10.8 3.983 0.69 1.014 1.014 0.0113 9.840 0.00111 0.1 11.40 8.660 ·0.98724 97.4 97.5
9 3.85 14.155 10.8 2.825 0.69 0.899 0.856 0.0370 9.023 0.00334 0.4 18.70 8.536 1.59623 186.4 186.8
11 3.85 12.684 10.8 5.062 0,69 0.967 1.042 0.0145 7.391 0.00107 0.1 9.76 8.556 0.83507 80.2 80.3
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Run no. Znin Mass of Zn Znin Mass of MassofZn Znrecovery Znin Mass of MassofZn Znrecovery Zn
galena galena init metal metal in metal in metal matte matte in matte in matte accountability
% kg kg % kg kg % % kg kg % %
2 3.62 15.587 0.564 0.01 10.912 0.00109 0.2 3.28 14.042 0.46058 81.6 81.8
3 3.62 18.204 0.659 0.Q1 10.115 0.00101 0.2 2.48 14.695 0.36444 55.3 55.5
4 3.62 16.760 0.607 0.01 11.293 0.00113 0.2 2.89 12.145 0.35099 57.9 58.0
5 3.62 14.001 0.507 0.01 8.785 0.00100 0.2 2.21 12.615 0.27879 55.0 55.2
6 3.62 15.570 0.564 0.01 11.014 0.00110 0.2 4.15 8.755 0.36333 64.5 64.7
7 3.62 15.330 0.555 0.01 10.583 0.00106 0.2 3.78 10.704 0.40461 72.9 73.1
8 3.62 14.970 0.542 0.01 9.840 0.00098 0.2 5.31 8.660 0.45985 84.9 85.0
9 3.62 14.155 0.512 0.01 9.023 0.00090 0.2 4.34 8.536 0.37046 72.3 72.5
11 3.62 12.684 0.459 0.01 7.391 0.00074 0.2 3.48 8.556 0.29ns 64.8 65.0
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Runno. Sin Massof S Sin Massof MassofS Srecovery Sin Massof MassofS SrecxNerY S
galena galena init metal metal in metal in metal matte matte in matte in matte accountability
% kg kg % kg kg % % kg kg % %
2 14.7 15.587 2.291 0.30 10.912 0.03274 1.4 14.50 14.042 2.03609 88.9 90.3
3 14.7 18.204 2.676 0.50 10.115 0.05058 1.9 11.40 14.695 1.67523 62.6 64.5
4 14.7 16.760 2.464 0.20 11.293 0.02259 0.9 15.40 12.145 1.87033 75.9 76.8
5 14.7 14.001 2.058 0.30 8.785 0.02636 1.3 14.30 12.615 1.80395 87.6 88.9
6 14.7 15.570 2.289 0.30 11.014 0.03304 1.4 17.90 8.755 1.56715 68.5 69.9
7 14.7 15.330 2.254 0.30 10.583 0.03175 1.4 17.00 10.704 1.81968 80.7 82.2
8 14.7 14.970 2.201 0.10 9.840 0.00984 0.4 22.30 8.660 1.93118 87.8 88.2
9 14.7 14.155 2.081 0.50 9.023 0.04512 2.2 21.20 8.536 1.80963 87.0 89.1
11 14.7 12.684 1.865 0.10 7.391 0.00739 0.4 16.30 8.556 1.39463 74.8 75.2
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IHUnno. Agln IMassot Ag f.g In IMassot massotAg IAgrecovery f-Qln IMassof IMassotAg IAg recovery Ag
galena galena init metal metal in metal in metal matte matte in matte in matte accountability .
% kg kg % kg kg % % kg kg % %
2 0.0626 10.581 0.0900 10.S12 0.01042 106.8 0.0111 14.042 16.U 1<28
3 0.0626 18.204 0.01140 0.0967 10.115 0.00978 85.8 0.0082 14.695 0.00120 10.6 96.4
4 0.0626 16.760 0.01049 0.0991 11.293 0.01119 106.7 0.0082 12.145 0.00100 9.5 116.2
5 0.0626 14.001 0.00876 0.1012 8.785 0.00889 101.4 o.oon 12.615 0.00097 11.1 112.5
6 0.0626 15.570 0.00975 0.0947 11.014 0.01043 107.0 0.0157 8.755 0.00137 14.1 121.1
7 0.0626 15.330 0.00960 0.1027 10.583 0.01087 113.3 0.0120 10.704 0.00128 13.4 126.6
8 0.0626 14.970 0.00937 0.0981 9.840 0.00965 103.0 0.0287 8.660 0.00249 26.5 129.5
9 0.0626 14.155 0.00886 0.1052 9.023 0.00949 107.1 0.0288 8.536 0.00246 27.7 134.9
11 0.0626 12.684 0.00794 0.1003 7.391 0.00741 93.4 0.0267 8.556 0.00228 28.8 122.1
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A shortfall in Zn of approximately 30 per cent was obtained. This Zn was presumed to be
present in the gas phase as zinc vapour. At an operating metal temperature of 990°C the lead
accountability was 99 per cent (run 6). Any lead not accounted for in the other runs was
presumed to have fumed into the gas phase. Most of the cadmium was also fumed off as the
boiling point of cadmium is 765°C. An average shortfall of sulphur of approximately ID per
cent was encountered. Although the presence of this element could not be established it is
likely that the sulphur fumed off. It could be advantageous if a small amount of 502 was
produced, since this 502 could be utilized with the H25 produced during the leaching step in
order to produce elemental sulphur.
Table 4.18 shows the raw material ratio, the metal and slag temperature and the lead recovery
for each run. The average manganese accountability over the campaign was 95 per cent, but
the overall manganese recovery could only be obtained after a further leaching step.
Table 4.18: The Pb recovery as a function of raw material ratios and operating temperatures
RUN CONDITIONS METAL SLAG/MATTE pb COMMENTS
NO. (percentages based on the reaction TEMPERATt::tE TEMPERATURE RECOVERY
of PbS with Mn20 3 and C) (GC) (OC) (%)
2 PbS:Mn203:C=100%:100%:100% 1055 - 92.0 Matte molten \
5% Na2C03 good separatic~ of metal/matte
I
3 PbS:Mn203:C=100%:100%:100% 1055 I 1140 i3,0 Matte molten I0% ~a2C03 bad separatio~ of metal/matte
4 PbS:Mn203:C=100%:100%:120% 1065 I - 9:,3 Matte molten 15% Na2C03 good separatic~ of metal/matte'
5 PbS:~~203:C=100%:135%:135% 10i8 - 8:,4 Matte molten I
5% Xa2C03 good separatic~ of metal/matte
6 PbS:Mn203:C=100%:100%:10O% 990 I 1063 9:,8 Matte mOlten!5% Xa2C03 good separatic~ of metal/matte!
7 PbS:Mn203:C=100%:100%:100% 1058 I 1147 8:.1 Matte molten I10, i% Na2C03 good separatic~ of metal/matte;
8 PbS:Mn203:CaO:C=100%:100%:100%:100 1033 I 1083 85,9 Matte not fu:'::, ::Iolten-sticky I5% Xa2C03 CaO/Mn203=.25
9 PbS:Y~203:CaO:C=100%:10C%:lOO%:100 1068 I 1200 8:.8 Matte almost ~o:ten5% Xa2C03 CaO/Mn203=.5 .
10 PbS:CaO:C=100%:200%:200% - I 1131 :,0 Pellets- no E::;-.;id metal5% Xa2C03
11 PbS:Mn203:C=100%:100%:10O% 910 990 7:,4 Matte sticky I5% Xa2C03
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4.4.5 The effect of various operating conditions on the lead recovery
Table 4.19 shows the effect of Na2C03 addition on the lead recovery.
Table 4.19: The lead recovery as a function of Na2C03 addition
Run Na 2C03 addition pb recovery
3 0% 73,0%
2 5% 92,0%
6 5% 90,8%
7 10,7% 88,1%
From Table 4.19 it can be seen that a Na2C03 addition of 5 per cent caused the Pb recovery to
increase from 73 to 92 per cent and that an addition of more than 5 per cent had no beneficial
effect. XRD patterns showed that when no Na2C03 was added a proportion of the Pb metal
was entrained in the matte. There was no Pb metal apparent on the XRD trace when 10,7 per
cent Na2C03 was added. The addition of Na2C03 contributes toward the formation of a Na-
silicate phase rich in Al203 and MnO, which has a low melting point and aids the percolation
of the metal.
Table 4.20 indicates that an operating metal temperature of approximately 900cC was
insufficient, but that there was also no benefit in increasing the metal temperature above
1000cC. The XRD patterns show a large proportion of the lead metal entrained in the matte
of a sample smelted at a metal temperature of 900=C.
Table 4.20: The lead recovery as a function of operating temperature
Run Metal temp. 1 Matte temp. ?b recovery CommentsCc Cc %
11 910 990 76,4 Matte sticky
6 990 1063 90,8 Good separation
2 1056 - 92,0 Good separation
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The earlier Table 4.18 shows that the addition of 20 per cent excess carbon had no significant
effect, as can be seen from the results of run 6 (100% C) and run 4 (120% C). The XRD
patterns were fairly similar.
For run 5 enough Mn203 and carbon was added to partake in the reduction of the FeS and
ZnS, as well as the PbS. All the other runs had only enough Mn203 and carbon to reduce the
PbS. An excess of Mn203 seemed to have a detrimental effect and the lead recovery
decreased from approximately 91 to 81 per cent. According to the thermodynamic data
(Chapter 2) the reduction of PbS is more favourable than FeS and ZnS. The PbS would thus
be reduced first and any excess Mn203 and carbon would then be utilized to reduce the FeS
and ZnS. However, no metallic.Fe or Zn was identified in the XRD traces and SEM analyses
of the products. On the contrary, the (MnFeZn)S phase was stilI present and grains of
MnFe-oxide were encountered. It may actually be advantageous not to reduce the FeS and
ZnS to metal, as iron and zinc metal would dissociate more effectively during the H2S04
leaching step, thereby increasing the iron and zinc contamination of the electrolyte.
Table 4.21 shows the effect of the addition of lime to the process. For run 8 the lime to
braunite ratio was 0,25, whereas for run 9 this ratio was 0,5 and for run 10 only lime was
used.
Table 4.21: The effect of the addition of lime to the process on the lead recovery
Run CaO addition Metal Matte Pb Comments
Temp. Temp. Recovery
°c °c %
2 Only Mn 20 3 1056 - 92,0 Good slag/metal
separation
8 CaO/Mn203 = 0,25 1033 1083
I
86,9 Hatte sticky
9 CaO/Mn203 = 0,5 1068 1200 81,8 IHatte sticky
I
I
10 Only CaO - 1131 0 still pellets
no metal
separation
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From Table 4.21 it can be seen that the Pb recovery decreased from 92,0 per cent (no CaO) to
81,8 per cent when a CaOIMn203 ratio of 0,5 was used. When only lime was used the
liquidus temperature was so high that the material remained in the pellet form, and no liquid
metal was obtained.
The use of lime as a scavenger, under the conditions described in this report and at
temperatures of up to approximately 1200°C, thus does not seem to be technically feasible.
The results of this campaign show, however, that the Leadman process is highly feasible both
technically and metallurgically.
4.5 MINERALOGICAL INVESTIGATION
4.5.1 INTRODUCTION -.
In order to understand the reactions taking place and to characterize the phases formed a
mineralogical investigation was performed on selected samples collected during the pilot-
scale campaign. The results obtained from these samples during this phase of the chemical
investigation could be used to optimize the proposed process.
4.5.2 EXPERIMENTAL TECHNIQUES
The mattes produced during the campaign and a leach residue from the leaching testwork
(section 3.2.2.5) were milled for X-ray diffraction analysis, while the solid slag samples were
mounted as polished sections for optical microscopy and scanning electron microscopy. For
the X-ray diffraction analysis a Siemens D-500 diffractometer linked to a Diffrac AT search-
match software package was utilized. CuKa. radiation was used with a step size of 0,4° 28
and a counting of 1 second per step was used. so that good counting statistics of the
individual samples could be obtained. To characterize the individual phases formed during
the exchange reactions, the polished sections were examined and analysed on a Jeol 8·+0 A
scanning electron microscope (SEM) linked to a Tracor Northern 8500 energy dispersive
spectrometer (EDS) for chemical analysis of the individual phases.
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4.5.3 SAMPLE DESCRIPTION
The conditions under which the samples were reacted and the postulated reactions that should
occur are given in Table 4.22.
Table 4.22: List of reaction recipes that were investigated and the postulated reactions
Conditions (stoichiometric Postulated reactions Metal Slag temp.
Run no. molar ratios) temp. (0C) (oC)
2 PhS:Mn:z03:C=I:I:1 2PbS+Mn~3+3C=2Pb+2MnS+3CO 1056
5% Na~03 -
3 PhS:Mn:z03:C=I:I:1 2PbS+Mn~3+3C=2Pb+2MnS+3CO 1056 1140
0% Na~O)
4 PhS:Mn:z03:C=I:I:1.2 2PbS+Mn~3+3C=2Pb+2MnS+3CO 1066
-S%Na~03
5 PhS:Mn:z03:C=I:I,3S:1,3S 2PhS+Mn~3+3C=2Pb+2MnS+3CO 1078
-5%Na~03 2ZnS+Mn~3+3C=2Zn+2MoS+3CO
2FtS+Mn~3+3C=2Fe+2MnS+3CO
6 PhS:Mn:z03:C=I:I:1 2PbS+Mn:z03+3C=2Pb+2MnS+3CO 990 1063
5% Na~03
7 PhS:Mn:z03:C=I:I:1 2PbS+Mn~3+3C=2Pb+2MnS+3CO 1058 1147
10.7% Na~O)
8 PhS:Mn:z03:C:CaO=I:1 :1:1 6PbS+2Mn:z03+2Ca0+8C=6Pb+4MoS+ 2CaS+8CO 1033 1083
5% Na~O); CaO/Mn:z03= 0.25
9 PhS:Mn:z03:C:CaO=I:I:1:1 4PbS+Mn:z03+2CaO+SC=4Pb+2MoS+2CaS+5CO 1068 1200
5% Na~03; CaOIMn~)=0.5
10 PhS:C:CaO=I:2:2 PhS+CaO+C=Pb+CaS+CO
-
1131
S%Na~)
11 PhS:Mn:z03:C=I:I:1 2PbS+Mn~3+3C=2Pb+2MnS+3CO 910 990
S%Na~03
The percentages given in the conditions in Table 4.22 are based on the reaction of PbS and
carbon with braunite (runs 2 to 7, and 11), a mixture of braunite and CaO (runs 8 and 9). and
only CaO (run 10). These percentages represent molar mixing ratios. There is no data for run
1 as this batch was used to condition the furnace.
4.5.4 RESULTS
4.5.4.1 X-Ray diffraction analysis
The X-ray diffraction analyses of the mattes and leach residues are listed in Table 4.23. The
individual phases are listed according to relative peakheight intensities, with the major phase
listed first. The intensities of the reaction products of the individual traces were fairly low,
ranging from 140 to 1100 counts per second.
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Table 4.23: Qualitative X-ray diffraction analyses of the campaign products
SAMPLE NUMBER PHASE CHEMICAL
FORMULA
Black Mountain Galena galena PbS
concentrate sphalerite ZnS
Leadman Run 2 matte Mn-sulphide 'MnS'
galena pbS
wurtzite ZnS
glaucochroite (Ca,Mn) 2Si04
magnetite Fe304
Leadman Run 3 matte Mn-sulphide 'MnS'
galena PbS
lead Pb
wurtzite ZnS
sphalerite ZnS
bustamite (Ca,Mn)Si0 3
magnetite Fe304
Leadrnan Run 4 matte alabandite 'MnS'
galena PbS
wurtzite ZnS
magnetite Fe304
glaucochroite (Ca,Mn) 2Si04
Leadrnan Run 5 matte Mn-sulphide 'MnS'
Mn-oxide (Mn, Fe)°
galena PbS
glaucochroite (Ca,Mn) 2Si04
wurtzite ZnS
magnetite Fe304
troilite FeS
Leadrnan Run 6 matte Mn-sulphide 'MnS'
galena pbS
wurtzite ZnS
glaucochroi~e (Ca,Mn) 2Si04
magnetite Fe304
sphalerite ZnS
lead metal pb
lime CaO
Itroilite FeS
Leadrnan Run 7 matte Mn-sulphide 'MnS'
Mn-oxide MnO
oldhamite CaS
bustamite (Ca,Mn)Si0 3
sodium alum~~ium silicate NaAlSi0 4
i4
Table 4.23 continued
Leadman Run 8 matte galena PbS
wurtzite ZnS
magnetite Fe304
lead metal Pb
Mn-sulphide 'MnS'
Mn-oxide (Mn,Fe)O
Leadman Run 9 matte bustamite (Ca,Mn)Si0 3
magnetite Fe304graphite C
lead oxide PbO
Leadman Run 10 matte lead metal Pb
lead oxide PbO
galena PbS
lime CaO
oldhamite CaS
Mn-sulphide 'MnS'
wustite FeO I
Leadman Run 11 matte Mn-sulphide 'MnS'
lead metal Pb
galena PbS
wurtzite ZnS
sphalerite ZnS
sodium aluminium silicate NaAlSi0 4
Sample Leach Residues F2S galena PbS
Mn-sulphide 'MnS'
oldhamite CaS
sphalerite ZnS Igraphite C
wustite FeO I
Although the results in Table 4.23 show that MnS is the major phase present in runs 2 to 7
and 11, the phase MnOS, which has a similar structure to that of MnS, also fits the diffraction
data. A distinction between these two phases could not be made with XRD data, and this
phase will be referred to as 'MnS' until a clearer distinction can be drawn later.
The next most abundant phase in all the samples is galena, which possibly represents
unreacted material. Phases that are ubiquitous throughout the X-ray analyses are wurtzite
(ZnS) and the silicate phase glaucochroite or bustamite, depending on the temperature of the
experimental run.
4.5.4.2 SCANNING ELECTRON MICROSCOPY (SEM)
The results of the SEM investigation of the individual phases encountered in the samples of
runs 2 to 11 are given in Tables 4.24 to 4.26. No results were obtained for run 9. A number
of the polished sections showed degradation of the surface due to the presence of CaD in the
sample, and run 9 was particularly affected. The tables have been grouped in such a manner
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as to separate the silicate, sulphide, and oxide phases for the individual runs. Lead metal was
found to be ubiquitous through the samples as minute prills, assoc iated with virtually all the
phases. Observations made for the individual runs are described in detail below.
Figure 4.2 : Elec tron bac k-scatter image of a co mpos ite matte part icle showing a core of silica te (da rk grey)
around which is agglomerated "M nS· . The white incl usions are en trained lead me tal
Figure 4.3 : Electron back- scatter image of an euhedral Cavln-silicate crystal. The dark na mes associated with
the crystal are AIMn-sil icate glass. while the white phase around the crystal is MnFe-oxide
.J
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Compound Run 2 Run2 Run 2 Run 3 Run 8 Run 8 Run 10
Si02 31.01 31.95 34.51 32.92 32.11 34.33 33.37
AI203 0.00 0.00 18.23 0.00 0.00 0.00 0.00
FeO 6.77 7.25 4.41 11.42 2.46 l.l0 0.00
MnO 34.42 48.09 2l.l1 39.00 18.56 4.50 0.00
MgO 7.70 1.11 0.43 11.26 3.22 3.68 0.00
CaO 19.36 11.63 4.45 5.62 43.39 56.85 66.75
ZnO 0.85 0.32 1.09 0.81 0.40 0.00 0.38
Na20 0.00 n.d. 18.81 n.d. n.d. n.d. n.d.
PbO 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.11 100.35 103.04 101.03 100.14 100.46 100.50
Mn.90Mg.,.Fc.I7Ca.'.2SiO. Mnl1fICa,4/lMgll,Fc.,Silnl0.. glass MnlonMg,1Fc29Ca.l.ZnCuSiO.. Cal.19Mn.•,Mg.I.Fc06SiO. ell 7<4Mg "Mn loFc02Si.9.0.. Ca2.116Si9604
n.d. = not detected
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Element Theoretical Theoretical Run 2 Run4 Run4 Run 5 Run 5 Run 6 Run 7 Run 11
MnOS MnS
composition composition
Mn 53.34 63.15 45.97 48.12 45.83 47.24 44.29 50.39 51.21 50.46
Fe 0.00 0.00 15.17 14.12 14.64 14.77 17.52 10.28 8.13 9.63
Ca 0.00 0.00 0.07 0.30 0.09 0.00 0.12 0.12 0.16 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.39
Zn 0.00 0.00 0.43 1.29 0.84 0.74 1.18 0.99 0.88 0.78
S· 31.13 36.85 )6.85 36.85 36.85 36.85 36.85 36.85 36.85 36.85
0 15.53 o.oo n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Total 100.00 100.00 98.49 100.68 98.25 99.6 99.96 98.63 97.23 98.11
• sulphur values for the individual run analyses have been normalized to theoretical MnS sulphur content
n.d. = notdetected
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Element Run 2 Run 3 Run 4 Run 6 Run 3 .Theoretical CaS Run 10
composition
Mn 25.22 18.65 24.44 20.41 2.09 0.00 0.00
Fe 12.57 28.12 14.74 14.87 53.50 0.00 0.25
Ca n.d. n.d. n.d. 0.20 0.00 55.55 52.16
Mg n.d. n.d. n.d. 0.00 0.00 0.00 0.36
Ph 2.14 1.75 2.99 3.42 0.00 0.00 1.40
Zn 23.68 12.l)() 23.95 17.99 0.55 0.00 0.00
S 39.67 38.61 39.27 40.72 42.26 44.44 45.79
Total 103.28 100.03 105.39 97.61 98.40 99.99 99.96
Stoichiometry Mn.43Zn.34Fe.2IPb.oIS Fe.48Mnj2Zn.l9Pb.01S Mn.41Znj4Fe.24S Mn.40Zn29Fe28Pb~2S Fe.9SMn <uS CaS Ca.98M&J14 Pb.otS
n.d. = not detected
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4.5.4.2.1. RUN 2
Figures 4.2 and 4.3 are electron back-scatter images of two matte particles. It was found that
either an orthosiIicate phase or the 'MnS' phase formed the core of the particles (Figure 4.2).
The chemical composition of the orthosiIicate phase showed considerable variation in the
amounts of MnO, CaD, FeO and MgO present (Table 4.24).The compositions of the
agglomerations of 'MnS' are given in Table 4.25, where the actual analyses are compared
with the theoretical composition of MnS and MnOS. From these results it can be seen that
the combined metal content of the 'MnS' phase of the individual runs amounted to +60%,
which is in good agreement with the total theoretical manganese content of MnS of 63,15%
(MnOS =53%). The sulphur content of this phase was also hizher (37%) than that of the
. ~
theoretical 31% for MnOS. These results therefore suggest that MnS rather than MnOS
formed during roasting, and that the peak shift during the XRD investigation was due to the
presence of a FeS-MnS solid solution. Individual grains of (ZnFeMn)-sulphide solid solution
were found dispersed throughout the matrix of the sample. Their analyses are given in Table
4.26. Sodium carbonate was found to contribute towards the formation of a low melting point
sodium-silicate phase rich in Al203 and MnO. A FeMn oxide phase was also encountered, the
analyses of which are given in Table 4.27. Figure 4.3 depicts a euhedral crystal of MnCaFe-
silicate surrounded by a rim of similar composition. A NaAIMn-silicate glass was found as a
binding material within the rim.
Table 4.27: Oxide phases identified in the various runs
i
COMPOUND RUN 2 RUN 2 RUN 7 RUN 10 RUN 11 i
FeO 46,95 42,46 19,28 1,30 70,69
MnO 48,65 58,87 69,52 1,65 26,17
MgO 1,99 0,00 8,87 2,53 0,00
CaO 0,00 0,16 0,42 94,27 0,19
ZnO 0,20 0,66 0,84 0,46 1,16
PbO 0,00 0,00 0,37 0,00 1,01
Total 97,79 98,15 99,3 I 99,75 99,22
Stoichiometry Mn. 49Fe. 47Mg.C3 Mn.56Fe.43Zn.Ol 1"- "='e Zn Ice ?~:-1!1.blF e .01 Fe. -:~~...:.. :,Zn .00Pb .010 0 ---.::- .g .01 0
4.5.4.2.2. RUN 3
Run 3 explores the same exchange reaction as Run 2, except that no Na2C03 was added to
the pellets. The major phase present was (FeMn)S, which contained more iron than in Run 2
and is equivalent to the 'MnS' phase identified by XRD. A pure FeS phase with lead metal
inclusions had also formed. Remnant ZnS containing Fe and Mn and a CaMn-siIicate phase
were also present.
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4.5.4.2.3. RUN 4
Thi s experimental run investigated the same exchange reaction , but incorporated an addition
of an excess of 20 % carbon . Th e major phase was 'MnS ' which formed as a core of
individual particles co nta ining no lead . MnFeZn -sulphide grains we re also encounte red
(Table 4 .26). A CaMn-silicate phase was present , which in this case conta ined numer ous
SUlphide prills as shown in Figure 4.4. Simil ar composite grains were not encountered in run s
2 and 3.
Figur e 4.4 : Elec tro n bac k-scatter image of MnFe sulphide prill s (white) entrained in the CaMn silica te phase (grey)
4.5.4.2.4. RUN 5
In run 5 the manganese content and the carbon add ition were inc reased by 35% above the
stoichiometric requirement. T his was done in order to examine the effect of this increase on
the lead exchange reaction and to explore the additional postulated exchange reactions of ZnS
and FeS with braunite and carbon. Tab le 4.25 indicates that the reaction wi th PbS did take
place, as 'MnS' had formed . How ever, the reduction of ZnS and FeS could not be verified,
as no met allic iron or zinc was found in the sample. To the contrary, the phase (MnFeZn)S
was still present and individual grains of MnFe-oxide were encountered in the sample.
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4.5.4.2.5. RUN 6
Thi s is again a repeat of run 2, but at an opera ting temp erature of 60°C low er. Figure 4.5
shows a core of 'M nS' (b) wi th a rim of Caivln-silicate (a). Lead metal is entrained le ) and
Mn-sili cate grains (d) and the MnFeZn-sulphide phase (c) were also encountered.
a =CaMn-silicate
b = 'Mrr S'
c = (1v1nFeZn)S
d = Mn- silicate
e = lead metal inclusions
Figure 4.5 : Electr on back- scatte r im age of an agg lomerated particle from Run 6 showing the va rious phases that
formed during the exchange react ion
4.5.4.2.6. RUN 7
10,790 Na2C03 was added to the pellets of run 7 as a flux. The major phase was once again
the 'M nS' phase . This sample contained a high proportion of MnO. which was also refle cted
in the XRD results (Table -t.23). The presence of MnO would not affect the recoverv of
manganese as MnO is also so luble in sulphuric acid .
4.5.4.2.7. RUN 8
This run explores the addition of a mixture of manganese ore and CaO to the PbS and carbon.
(see Table 4.22). Of interest here is that only minor amounts of 'MnS ' and no CaS could be
found. The silicate phase that formed was no longer the CaMn-si licate, but a pure Ca-silicate
which contained variable amou nts of MnO (Table 4.24). It would thus appear that the
postulated reaction did not take place.
4.5.4.2.8. RUN 10
Run 10 investiga ted the exchange reaction between lead sulphide, carbon and lime. Figure
4 .6 is a photomicrograp h showing the texture of a particle fro m this run. The major phase s
encountered were Ca- sil icate, CaS, and remnants of Ca O. Metall ic lead was entra ined in the
dicalcium silica te phase. The ana lyses of the individual silicate and sulphide phases are given
in Table 4 .24 and 4.26, respecti vely. An optical microscope showe d islands of lead entrai ned
in the CaS. The presence of the (M nFe)S phase is due to the fact that the Black Mountain lead
sulphide co nce ntrate always co ntains trace amounts of manganese , which report s as MnS
dur ing the exchange reacti on.
a = Ca-si licate
b= CaS
c = lead metal inclusions
Figure -1 .6: Electron back-scatter image of an agglomera ted particle from Run 10 sho wing the variou s phases
that formed during the exchange react ion
4.5.4.2.9. RUN 11
Run s 11 (metal temperature = 9 10°C), 6 (temperature = 990°C) and 2 (temperature = 910°C)
illustra te the effect of operati ng temperature on lead recovery. Th e phases identified were
similar, but a large amount of lead metal was entrained in the sample reacted at only 91a°e.
4.5.4.2.10. LEACH RESIDUES
A lthough not included in the tables, two leach residu es were also examined. The ' ~ l nS'
phase was still the major phase present in both sam ples . Minor amounts of (M nZn)S were
also identi fied . Lead metal prills were still present. but these were coated by a layer of a Pb-S
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compound, which could possibly be PbS04. The silicate phases identified in the unleached
samples were no longer present. The silicates are thus dissolved during the leaching process
with H2S04.
4.5.5 DISCUSSION
From the XRD and EDS results obtained during this study it is evident that the two major
phases encountered in the experimental runs with manganese ore were 'MnS' and CaMn-
silicate. The 'MnS' phase was never present as the pure MnS phase alabandite, but always
contained Fe and trace amount of Zn (Table 4.25) to give a phase (MnFeZn)S. Depending on
the temperature of reaction either the orthosilicate (Ca,MnhSiO~ or a (Ca,Mn)Si03 phase
formed. Minor phases encountered were entrained lead metal priIls, residual PbS, a
MnFeZn-sulphide, CaS, FeS, (Mn,Fe)O, magnetite (Fe304) and NaMnAI-silicate (in the runs
where Na2C03 was added).
The reaction that follows can be presumed to contribute to the overall exchange reaction:
This reaction differs from the postulated exchange reaction, in that the iron component of the
ore also reacts with the sulphur liberated from the PbS to give the phase (MnFe)S, rather than
pure MnS. The manganese ore minerals can be expressed as either 'Mn203', '(Mn,Feh03'
or an intergrowth of these with hematite (Fe203)' The phases MnO and FeO were found as
remnants in the reaction products. Therefore it can be assumed that the sesquioxide phases
must first be reduced to their lowest oxidation state before the exchange reaction wiII take
place. The exchange reaction probably occurs simultaneously with the Mn203 and Fe203
components and solid solutions of Fe203' Individual MnS and FeS grains were also
sporadically encountered during the EDS analysis of the individual samples. In the
FeO - MnO - MnS system the MnS phase has a very small stability field, ranging from
1179°C to 1246°C29. The formation of FeS by the reaction between FeO and MnS may also
be an important factor to consider.
The major mineral in Wessels ore is not actually a Mn203 phase but rather braunite I
(Mn2+(Mn,Fe)3+6Si012 and/or braunite II Cao.s(Mn,Fe)3+7Sio.S011 associated with hematite.
As can be seen from the structural formulae of both braunite minerals, they are oxide phases
that theoretically contain lOwt% and 5wt% SiO:! in their structure, respectively. As the
Wessels ore does not contain free silica in the form of quartz, the braunite is a major source of
Si02 that is present during the exchange reaction. In addition, other gangue minerals such as
andradite (Ca3Fe3+2(Si04)3) are found in Wessels manganese ore. These minerals contribute
to the formation of silicate phases during the exchange reaction. The silicate phase in run 9
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was identified by XRD to be (Ca,Mn)Si03 (bustamite) rather than CaMn2Si04
(glaucochroite). Traces of bustamite were also found in Runs 3 and 7. The reason for the
presence of this phase as major phase in Run 9 was twofold. Table 4.22 shows that this run
had the highest slag tap temperature (1200°C) and that the CaOIMn203 ratio was 0,5. The
large CaO component and higher temperature thus contributed to the formation of this silicate
phase. Phase analysis (SEM) could not be undertaken on this sample as it hydrated due to the
high lime content. The presence of trace amounts of bustarnite in Runs 3 and 7 can also be
attributed to the higher operating temperatures.
The CaO and MgO components found in the silicate phases (Table 4.24) are derived from the
carbonate gangue minerals associated with the Wessels manganese ore, which are either
calcite (CaC03) or kutnahorite (Ca(MnMg)(C03h). These carbonates thermally dissociate at
980° and 680°C, respectively, and thereby contribute to the slag forming agents of the overall
reaction.
Individual MnO, FeO, (MnFe)O, and CaO particles were found entrained in the matte. Their
compositions are represented by the analysis in Table 4.27. They are probably remnant oxide
particles that have formed during the reduction stages of the exchange reaction. These
remnant oxides did not or could not react with the sulphur or silica to form either (MnFeZn)S
or (Ca,Mn)2Si04 phases. The magnetite identified in most of the runs is also a remnant
reduction product.
.:
Tiny rounded lead prills were found to be entrained in all the phases encountered, indicating
that not all the lead reported to the hearth of the furnace. Silicate phases have a fairly low
melting point and are liquid at the same time the lead metal is molten. The oxide and sulphide
phases, on the other hand, have not melted, thereby creating an environment which will
entrain metal prills. Sodium carbonate, added as a flux, contributed to the formation of a low
melting NaMnAI-silicate glass.
The presence of galena in trace amounts in the matte shows that the exchange reaction did not
proceed to 100% completion. The reasons for this are numerous, the most important being
that not all the sulphur added to the reaction was available for the manganese to transform to
MnS, since some manganese was incorporated into phases such as (Ca,MnhSi04 and
(ZnMnFe)S. The lead recoveries could probably be improved by optirnizing the raw material
ratios and adjusting the operating temperature and reaction time.
XRD analysis of run 10 identified the phases Pb, oldhamite (CaS), Ca2Si04 and residual
CaO. All the lead was entrained in the matte. This was possibly due to the fact that a 'dry'
slag formed and that the exchange reaction needed a higher temperature to liberate the lead
from the matte. The addition of a flux such as Si02 to the reaction could possibly help to
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recover more lead to the hearth. According to the data for the system CaO - CaS - 0 - S, the
saturation of CaO with CaS is a function of gas composition and temperature and also a
function of the pC02/pCO ratio of the experimental run30•
Another minor phase that is commonly encountered throughout the samples is (ZnFeMn)S
(wurtzite), the composition of which is given in Table 4.26. The presence of zinc in all the
experimental runs is obtained from the sphalerite (ZnS) component found in the Black
Mountain lead sulphide concentrate. Wurtzite is a sulphur deficienr" phase of ZriS and
represents the high temperature polymorph (forms above 1020°C) of sphalerite, which was
found to contain high levels of Mn and Fe (Table 4.25). This indicates that not all the sulphur
present in the lead concentrate takes part in the exchange reaction, but is retained by this
phase, which also scavenges Mn and Fe units from the manganese ore. When using Wessels
ore for this process, not only does the manganese compete for the sulphur driven off the
galena concentrate, but so does the iron and the calcium in the ore.
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4.6 LEACHING OF THE MATTE PRODUCED DURING
THE CAMPAIGN
An in-depth study was made of the leaching characteristics of the MnS mattes produced
during the campaign, and the research is reported in a restricted Mintek publication by J du T.
..
Steyl. For the purposes of this work, however, some details were needed and a summary will
therefore be given, using results from the restricted publication.
This work deals with the leaching of the manganese sulphide matte in order to incorporate it
into an existing electrolytic manganese metal (EM) or manganese dioxide facility (EMD).
The milled mattes were leached under ambient pressures, as well as under high pressure in an
autoclave. For the ambient tests specialized equipment necessary for counter-current
leaching of the matte was not available and the samples were leached in a batch process.
This is not the ideal, since an efficient counter-current leaching operation would have a
positive impact on the economics of the process.
The atmospheric pressure leaching experiments were performed in a temperature controlled
glass reaction vessel. 90,8 per cent dissolution of the manganese from the matte was achieved
after only 15 minutes leaching at a temperature of 25°C, using a L:S ratio of 1,95 moles acid
to 1 mole manganese. The techno-economic assessment (section 4.7) is based on this L:S
ratio of 1,95. A synthetic solution similar to the spent electrolyte used at the Delta Manganese
Corporation with a sulphuric acid concentration of 35gJI was used in this investigation.
Optimum manganese dissolution (93,8%) was obtained at ambient temperature and at a L:S
ratio of 2,5:1. The levels of contaminants such as Zn, Pb and Cu were within specifications.
Unfortunately, considerable amounts of iron and silicon were also leached, which would have
to be precipitated out before electrolysis. This was due to the high leachability of the
glaucochroite ((CaMn)2SiO~) and the Fe304 phases. It was shown that the resistance to
dissolution was in the (MnFe)S phase. It was thus not only the manganese that competed for
the acid, but also the silicon and iron. Although a large amount of silica was leached the
gelatinous leach liquors of Section 3.2.2.3 were not formed. These gelatinous leach liquors
are formed during the leaching of mattes produced at a smelting temperature of l300ce. The
campaign mattes were all produced at a temperature of approximately lOOO°C.
Section 3.2.2.8 showed that an electrolyte of acceptable quality could be produced after a
suitable purification step. This purification step has been accounted for in the techno-
economic assessment. It was felt that, although this leaching testwork indicated that the
manganese matte produced in the Leadman process is suitable for use as feed to an existing
manganese leaching operation, at this stage the best leaching process in terms of economics
had not been established.
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In practice, the pH is controlled by continuous feeding of the reduced ore to the recycled
anolyte at a rate sufficient to control the pH at a pre-determined value.
At these conditions, most of the iron leached is reprecipitated as a hydrated oxide. The silica
can usually be eo-precipitated without effort High extractions can be obtained using a
reverse leaching technique. A batch process with high residual acid will increase the acid
consumption of the process. as the solution requires neutralization prior 'to purification. A pH
of 1 to 2,5 is optimal for the precipitation of iron in concentrated ammonium sulphate
solutions, as ammonium jarosite (NH4Fe3(S04)2(OH)6)' Under the conditions of the leaching
experiments the pH varied between 1,3 and 2, but no iron precipitated. A considerable
amount of H2S gas is liberated as the sulphides are leached from the matte, and its strong
reducing action limits the appearance of ferric ions in solution.
The H2S liberated during the leaching step could either be sold as H2S gas, or be used to
produce elemental sulphur (via Sasol's Sulpholin process). Another alternative is the
production of ammonium sulphide, which is used in electrolytic manganese circuits. The
liberated H2S could be bubbled through a scrubber containing a solution of approximately 20
per cent ammonia in water, to form (NH)2S,
The second part of this investigation dealt with a pressurized oxidizing leach in an autoclave.
Oxygen, air or oxidation reagents can be used in order to oxidise the iron. The solubility of
oxygen in solution is limited by the presence of ionic salts. High temperature and pressure
increases this solubility and under autoclave conditions the reaction involved is as follows:
These experiments were conducted in a batch autoclave, which was pressurized to 500 kPa
with oxygen. Temperatures used were in the range of 80 to 110°C. The results showed that,
irrespective of the temperature or L:S ratio a 99% plus precipitation of iron could be
achieved. The manganese recovery improved with increasing temperature and L:S ratio.
93% recovery of manganese was achieved at 100°C and a L:S ratio of 1,25:I, or at llO~C and
a L:S ratio of 1,1:1.
Under these conditions no H2S was generated and an XRD pattern of the leach residue
confirmed the presence of elemental sulphur. Existing technology (Cominco process) could
probably be used to recover the sulphur from the residue. Although autoclave leaching is
expensive, this could be off-set by the following:
1. The acid requirement was only 1,1 times the stoichiometric requirement as opposed to
the 1,95 times of atmospheric leaching;
2. The iron in solution was rejected to 14 ppm;
3. The silica in solution was only 50 ppm; and
4. No H2S was produced.
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4.7 TECHNO-ECONOMIC ASSESSMENT
The lead that results from the Leadman process (Pb = 97,4%) still needs minor refining. For
instance, London Metal Exchange (LME) lead is 99,97% pure. The following techno-
economic assessment does not cater for the costs of refining and the processing costs will
therefore be slightly understated.The cost of refining the lead bullion produced in the
conventional lead process is approximately R185/t of lead.33 The purity of the lead bullion
produced in the Leadman process is, however, better (see Section 3.2.2.6) and the cost of
refining will thus be lower than R185ft of lead.
All the prices quoted were inclusive of transportation costs to Johannesburg, and were all
dated during May 1995. Appendix C shows the sources of all the prices. It must be
appreciated, however, that these prices are approximate and, depending on a number of
factors, could fluctuate largely. For example, the purchase price of lead concentrate would be
negotiated between the concentrator and the smelter to be the contained value of lead and
silver less the smelter treatment cost to produce the metal. The treatment cost in the present
case would be the sum of the costs of raw materials other than concentrate, plus the cost of
utilities. In the case of a new process the treatment cost may be different from that negotiated
for a conventional smelter. If it is lower, this would mean a bigger return for the
concentrator. This could be an incentive to develop a cheaper downstream process. The
price, therefore, quoted by Goldfields for the galena concentrate is a very approximate figure.
It should also be noted that the contained value of manganese ore (about R 3 173/t conc.) is
much higher than the selling price of the concentrate (about R 380ft conc.) This is because
the price'" is generally negotiated between the Australian and Japanese ferromanganese
producers who purchase the lion's share of the manganese production.
Figure 4.7 shows a simplified material balance for the Leadman process. The data is based
on a ton of lead metal produced.
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Figure 4.7: Material balance for theLeadman process
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The leaching testwork (section 4.6) showed that, depending on the leaching conditions, either
HzS (atmospheric leaching) or elemental sulphur (autoclave leaching) will be generated as a
by-product. It is estimated that the maximum South African demand for HzS is 20 tons per
year, and disposal of excess HzS gas presents a problem owing to its corrosiveness and highly
toxic nature. A portion of the HzS gas could be utilized in the solution purification step prior
to electrowinning. Another alternative would be to bubble the HzS gas through dilute, low-
cost ammoniaf' in order to produce ammonium sulphide via the following reaction:
Table 4.28 shows a comparison of the variable costs and the expected revenues of a number
of options in the Leadman process. The first two options consider the routes whereby HzS
gas is produced and sold, firstly at a low HzS price and secondly as high price HzS. (Low
price H2S - tanks; high price HzS - cylinders). It is envisaged that a high quality H2S gas
would be produced, as this is the only gas that wo~ld be liberated during the leaching step,
and this gas could probably be sold at the high price. The third option considers the route
whereby all the HzS gas is converted to (NH4)2S, In the fourth option 60% of the H2S gas is
converted to (NH4hS, 20 per cent of the gas is sold at the high price and 20 per cent is sold at
the low price. Alternatively, the HzS could be converted to elemental sulphur via a number
of processes, such as SasoI's Sulfolin process. H2S can be oxidized to sulphur at low energy
levels, whereas the reduction of SOz to sulphur involves high energy levels. The last option
shows the route whereby elemental sulphur is produced.
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Table 4.28: The variable costs of and revenues generated by the Leadman process
VARIABT,E COSTS (per ton pb produced)
ITEM COST ROU'rE-H2S ROUTE-H2S ROUTE- (NH.) 2S ROUTE-60% (NH.) 2S ROUTE-SULPHUR
LOW PRICE HIGH PRICE 20% H2S (l.p)(R/t) 20% H~ (h.p)
REQUIREMENT COST REQUIREMENT COST REQUIREMENT COST REQUIREMENT COST REQUIREMENT COST
(t) (R/t Pb) (t) (R/t Pb) (t) (R/t Pb) (t) (R/t Pb) (T) (R/t Pb)
Lead cone. 1 515 1,484 2 248 1,484 2 248 1,484 2 248 1,484 2 248 1,484 2 248
Ph = 72,2%
Mn ore 380 0,592 225 0,592 225 0,592 225 0,592 225 0,592 225
Mn = 48,3%
zu1u1and 192 0,113 22 0,113 22 0,113 22 0,113 22 0,113 22
anthracite
Soda ash (97,4%) 760 0,0436 33 0,0436 33 0,0436 33 0,0436 33 0,0436 33
Silchem 3379 770 0,061 47 0,061 47 0,061 47 0,061 47 0,061 47
H2SO. (98%) 205 0,380 78 0,380 78 0,380 78 0,380 78 0,214 44
Lime (95,2%) 270 o,o:n 7 0,027 7 o,o:n 7 0,027 7 0,015 4
Nlf l (:!5't) :l'lC, - - ll, fl'/& :I I:! 0,5119 no - -
- .---
-----
Electricity Mwh 103 3,03 312 3,03 312 3,03 312 3,03 312 3,03 312
TOTAL 2 972 2 972 3 284 3 182 2 935
REVENUE (per ton pb produced)
PRODUCT SELLING PRODUCT REVENUE PRODUCT REVENUE PRODUCT REVENUE PRODUCT REVENUE PRODUCT REVENUE
PRICE (t) (Hit I'll) (t) (R/L I'll) (t) (R/t Ph) (t) (R/t Ph) (t) (R/t Pb)
(Hit)
Lead 2 273 1, 00 2 273 1,00 2 273 1,00 2 273 1,00 2 273 1,00 2 273
Manganese 6 569 0,265 1 741 0,265 1 741 0,265 1 741 0,265 1 741 0,265 1 741
Silver 674 000 0,00093 627 0,00093 627 0,00093 627 0,00093 627 0,00093 627
H2S low price 1 058 0,232 245 - - - - 0,0464 49 - -
J12S high price 18 468 - - 0,232 4 285 - - 0,0464 857 - -
---------
(Nlf.)2S 4:!'t 1 Ci911 - ll,9111 1 !i(,!i 0,589 I 000 - -
Sulphur, crude 321 - - - - - - - - 0,218 70
TOTAL 4 886 8 926 6 307 6 547 4 711
Marginal contribution R 1 914 It Pb R 5 954 It pb R 3 023 It pb R 3 365 It pb RI 776/t pb
39% 67% 48% 51% 38%
For production ventures the return on investment would need to be determined, involving an
in-depth assessment of all the factors contributing to the profitability of a proposed process.
For the purposes of this study, however, the objective was not to show the absolute
profitability of the Leadman process, but rather to compare its viability with that of the
conventional processes. The study therefore does not include items such as capital and utility
costs, taxes, depreciation and company overheads. The cost of milling and pelletizing of the
raw materials, as well as granulation of the matte have also not been included.
An estimate of the annual fixed costs (manning level and administration) is shown in Table
4.29. The annual fixed costs of the Leadman and the conventional processes were assumed to
be similar. This table and some of the background information used in this study was
supplied by the Techno-Economic Division of Mintek.
Table 4.29:Annual Fixed Costs
LABOUR: ITEM R/UNIT NUMBER R/a
Manager & Typist 160 000 1 160 000
Foreman 80 000 2 160 000
Shift Supervisor 55 000 8 440 000
Operators 44 000 28 1 232 000
Ass i s t . operators 30 000 100 3 000 000
Eng. foreman 66 000 1 66 000
Shift fitter 52 000 8 416 000
Chief chemist 100 000 1 100 000
Lab. technicians 42 000 8 I 336 000
.Zl.dministration: 25 1 477 500
(% of above)
TOTAL 7 387 500
R/t Pb 246
30 000 tpa is the most common capacity'? of lead plants in the world and the assessment is
therefore based on this figure.
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A typical-? blast furnace charge analysis is given in Table 4.30. This was used to determine
the requirements for fluxing constituents, lime and sand. Recycle streams were assumed to be
zero. Coke consumption was assumed to be I 35tJ350t of bullion (11571tJ30000t Pb).37
Table 4.30: Typical blast furnace analysis of materials
FEED MATERIAL %
Ag 0,05
Cu 0,6-1,5
Pb 35-50
S 0,75-1,6
Fe 12-15,5
Si02 13,5-15,6
CaO 9,0-10,5
Zn 9,5-12,5
Appendix C shows the price and source of commodities used in the techno-economic
comparison.
Appendix D shows the calculated energy requirements with relevant references38-40 for the
conventional and Leadman processes.
Finally, Table 4.31 shows the economic comparison of the various processes. In an effort to
keep the assessment simple, a few smaller items were excluded, such as the V205 catalyst and
oxygen consumed in the H2S04 production of the conventional lead process, and the (NH4hS
consumed in the electrolytic manganese process. It is used in order to precipitate zinc out of
solution and to maintain a high concentration of (NH4hS in the electroplating section. Most
of the (NH4hS04 is recycled.
From Table 4.31 it can be seen that the Leadman process showed a return of R 3 118/t of lead
produced for the ammonium sulphide route and a return of R 1 529 for the sulphur route. The
return on the conventional manganese process is R 939/t and the lead blast process is only
R 240/t. These calculations are all based on the assumption that income can be derived from
the sale of the sulphurous by-products. In the event that income can not be generated by the
sale of the by-products the return on the Leadman process would be R 1 460 instead of R 3
118/t of lead.
The cost of refining is approximately R 185/t of Pb and the capital costs and costs of capital
recovery (required in excess of direct operating costs) for the lead blast process is in the
region of R270/t41 Pb. Although the Leadman process would utilise a single furnace instead
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of two furnaces as in the conventional lead blast process (sintering and smelting), and would
not require an expensive sulphuric acid plant, it would require an electrolytic manganese
plant. The capital costs would probably not differ much from that of the conventional
process. If the costs of refining and capital, and a number of much smaller costs (such as
utility costs, etc) are included in this assessment, the Leadman process could probably still
generate an income in excess of R2000/t of lead, provided that income can be generated by
the sale of the by-products. Should a market not be found for the by-products the income
should still exceed R 500/t of lead. This study is only a very rough exercise, but based on
these calculations it would appear that the Leadman process is financially more feasible than
the conventional lead process.
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Table 4.31: A comparison of the annual variable costs, fixed costs and revenues of the Leadman and the conventional processes (based on a production of 30 000 tla of Pb)
VARIABLE COSTS
RAW MA'rERIAL PRICE PROCESS: I.cadmall (Pb and Mn) PROCESS: Conventional PROCESS: Conventional PROCESS: Conventional
(R/t) (NH.) 2S/H2S route SULPHUR ROUTE Pb only Mn only Pb then Mn
REQUIREMENT COST REQUIREMENT COST REQUIREMENT COST REQUIREMENT COST REQUIREMENT COST
(t) R (t) R (t) R (t) R (t) R
Lead conc (Pb=72,7%) 1 515 44 520 67 447 800 44 520 67 447 800 44 520 67 447 800 - - 44 520 67 447 800
Manganese ore (Mn=48,3%) 380 17 760 6 748 800 17 760 6 748 800 - - 17 760 6 748 800 17 760 6 748 800
Zululand anthracite 197- 3 390 650 1l1l0 3 390 650 800 - - 1 974 379 008 1 974 379 008
Soda ash (97,4%) '/60 1 30B 994 OBO 1 308 994 080 - - - - - -
Silchem 3379 770 1 830 1 409 100 1 830 1 409 100 1 830 14 091 100 - - 1 830 1 409 100
H2S0 4 (98%) 205 11 400 2 337 000 6 420 1 316 100 - - 1 530 313 650 1 530 313 650
Lime (Ca(OH)2=95,2%) 270 810 218 700 450 121 500 - - 818 2 208 860 818 220 860
Limestone (CaO=52%) 96 - - - - 13 235 1 270 560 - - 13 235 1 270 560
Sand (Si02=99,5%) 108 - - - - 10 322 1 114 776 - - 10 322 1 114 776
Coke 340 - - - - 11 571 3 934 140 - - 11 571 3 934 140
4 ____••_. __
--- .-.._--~ . --~- ._--._._-- -
Anunollia (25~) '\'J (j 1" 1.'0 I. 2'JO ',;w - - - - - - -
Electricity. MWh 103 90 915 9 364 245 90 915 9 364 245 10 109 1 041 227 87 439 9 006 217 97 548 10 047 444
Total. R (R/t Pb) 95 461 725 (3 182) 88 052 505 (2 935) 76 217 603 (2 541) 16 668 535 (556) 92 886 138 (3 096)
ANNUAL FIXED COSTS
Total. R (R/t Ph) 7 1117 'iOO (2"6) 7 1117 500 (2"6) 7 3117 500 (246) 7 3117 500 (246) 14 775 000 (493 )
Tab1e 4.31 (continued)
REVENUES GENERATED
\0
.....
PRODUCT PRICE PROCESS: Leadrnan (Ph and Mnl PROCESS: Conventional PROCESS: Conventional PROCESS: Conventional
(R/tl (NII4 ) 2S/H2S route I SULPHUR ROUTE Ph only Mn only Ph then Mo
PRODUCT REVENUE PRODUCT REVENUE PRODUCT REVENUE PRODUCT REVENUE PRODUCT REVENUE
(tl R (tl R (tl R (tl R (tl R
Ph - (93% reel 2 273 30 000 68 190 000 30 000 68 190 000 30 000 68 190 000 - - 30 000 68 190 000
Mo - (93% reel 6 569 7 950 52 223 550 7 950 52 223 550 - - 7 950 52 223 550 7 950 52 223 550
Ag - (l00% rec) 67 400 27,9 18 804 600 27.9 18 804 600 27.9 18 804 600 - - 27.9 18 804 600
112S - low price 1 050 1 39/. 1 4'12 736 - - - - - - - -
" 2S - high price 18 468 1 392 25 707 456 - - - - - - - -
(NH41 2S - 42% 1 698 17 670 30 003 660 - - - - - - - -
Sulphur crude 321 - - 6 540 2 099 340 - - - - - -
H2S04 - 98% 205 - - - - 18 620 3 817 100 - - 18 620 3 817 100
Total. R (R/t Ph) 196 402 002 (6 546) 141 317 490 (4 711) 90 811 700 (3 027) 52 223 550 (1 741) 143 035 250 (4 768)
Approximate R 'n ',',1 IT' 4', «r) 411'> 7 206 597 28 167 515 35 374 112
Profit HII. Ph -\ 1111 1 !,;',') 240 9)') I 179
-- ----
Chapter 5
CONCLUSIONS
5.1 LITERATURE SURVEY
A literature survey revealed a patent registered to G W Sargent in 1921 which claimed that
molybdenum could be recovered from molybdenite by reacting MoS2 with MnOz and carbon.
The Leadman process is similar to this process, but is novel in that a manganese ore is used
with PbS. Apart from this patent, no other literature relevant to a lead/manganese process
could be found.
The survey also revealed a number of publications on the lime-roast process, which utilises
lime as the scavenger instead of manganese oxides. Although the lime-roast process has been
studied extensively from a fundamental viewpoint, it has never been examined on a pilot-
plant scale or from a techno-economic viewpoint. Results presented in the literature indicated
that the separation of lead from the CaS matte, and the subsequent tapping of liquid lead,
would be unlikely during the proposed campaign, given operating temperatures of 900 to
1100°C. Despite these results, it was felt that the use of a moving bed furnace such as a top
blown rotary converter (TBRC), would have a beneficial effect on metal separation and the
campaign was continued with attention being thus focused in this area. Preliminary
calculations also showed that there may be an economic benefit arising from' the use of a
mixture of manganese ore and lime. For these reasons, it was decided to examine three types
of material during the pilot-plant campaign:
*
*
*
the first batch using manganese ore,
the second batch usinz a mixture of manganese ore and lime,~ ~
the third batch using only lime as the scavenger.
5.2 LABORATORY TESTWORK
A brief thermodynamic study and computer simulation, using Mintek's PYROSIM
thermodynamic simulation programme, was conducted. This showed that the Leadman
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process was feasible and that the optimum operating temperature was in the region of
1000°e. It also showed that a stoichiometric excess of Mn304 may have a slight beneficial
effect on the lead recovery.
A preliminary X-ray diffraction study showed that the postulated reactions had taken place,
possibly with a few modifications. The manganese phase could not be identified positively in
such a brief study and it was uncertain whether the manganese was present as MnS, MnOS or
some other sub-stoichiometric compound of manganese and sulphur. However, the
manganese product was leachable in sulphuric acid and the desired MnS04.H20 was
identified in the lixiviant. In the early stages of the testwork a separate liquid lead phase was
not obtained at an operating temperature of 1000°e. The main phases present in the product
prior to leaching were thus lead metal and MnS or MnOS. The main phase present in the
residue from the leaching step was lead metal. At 13000e separate metal, matte and slag
phases were obtained. The matte contained the MnSlMnOS whilst unreacted Mn304 could be
identified in the largely amorphous slag.
When the samples were roasted at 800oe, only 51,0 per cent of the lead and 75 per cent of the
manganese were recovered. The recoveries improved slightly at 9000e and at 10000e the
recoveries were 92,3 and 90,6 per cent, respectively. The recoveries decreased to
approximately 75 and 80 per cent, respectively, at an operating temperature of 1200 and
1300oe. At these temperatures separate metal, matte and slag phases were obtained, unlike
the process at 10000e where a mixture was obtained. The matte and slag produced at these
high temperatures were very hard and an additional milling step would have to be included in
the process. The mixture produced at a temperature of 10000e is soft, unsintered, and can be
leached without further preparation. Also, the leach liquor of a roast performed at 1100 or
13000e was extremely gelatinous and almost impossible to filter. It was decided to
concentrate further efforts on an operating temperature of 1000°e.
The addition of a stoichiometric excess of Mn304 had an insignificant effect on the lead
recovery. The addition of double the stoichiometric requirement of reductant had a
detrimental effect on the lead recovery as a lead metal button could not be obtained at any
stage of the process. The use of anthracite as the reductant resulted in a decrease in lead
recovery from 92,3 to 86,3 per cent.
Inadequate leachingefficiencies were obtained with excessively dilute lixiviants and low
leaching temperatures, whereas PbS04 was formed when the leaching conditions were too
harsh.
The optimum leaching conditions for the laboratory scale testwork were identified as follows:
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Concentration of lixiviant : 1 M H2S04
L:S ratio - 5 to 10:1
Leaching temperature : 70°C
No copper reported to the leach liquors and the concentration of lead in solution was well
within the specifications. More than 90 per cent of the lead, iron and the manganese were
recovered under these leaching conditions.
The purity of the lead pellets produced was excellent with lead contents ranging from 96 to
99,6 per cent and a manganese content of approximately 30 ppm. The iron and zinc contents
varied with leaching conditions and, after roasting at 1000°C, were in the order of 17 to 342
ppm and <10 to 220 ppm, respectively. The concentrations of impurities in the lead increased
at roasting temperatures of 1200 and 1300°C. The sulphur content ranged from 0,15 to 0,9
per cent whilst the carbon content of the metal was <0,2 per cent. The copper content ranged
between 0,3 and 1,02 per cent. The silver from the galena was extracted into the lead metal
with recoveries ranging from 80,0 per cent to 98,6 per cent, depending on the operating
conditions.
The leach liquors were successfully purified by sulphide precipitation of the base metals to
produce an electrolyte suitable for electrolytic manganese recovery. The pH of the liquor was
adjusted to 5,9 whilst the iron in solution was oxidised to form goethite. The solution was
then sparged with H2S. The precipitated sulphides were removed by filtration. Only ·t5 per
cent of the manganese was lost whilst the concentrations of iron and zinc remaining in
solution were were only 16 and 5 ppm, respectively. In a two-step filtration process where the
goethite was removed prior to H2S sparging, the iron and zinc levels in the lixiviant dropped
to 4 and 2 mg/l, respectively. No manganese was lost from this two-step purification process.
The addition of a CaF2 and NaF flux had no benefit on the lead recovery. However. when
Na2C03 was used as a flux liquid lead was tapped during the first roasting step and the lead
recoveries increased from 0 to 93,5 per cent. A :\a:;C03 addition of 2 per cent resulted in a
lead recovery of 90,1 per cent. The addition of Na:;C03 as a flux thus eliminates the need for
a second smelting step.
Kinetic studies showed that the reaction of Mn20,3. galena and anthracite proceeded rapidly
with 90 per cent of the mass loss being achieved after 25 minutes. Based on these results, it
was decided to employ reaction times of about 1 hour during the pilot-plant campaign.
Mixtures of galena, Wessels fine and Zululand anthracite were pelletised using a sodium
silicate binder (Silchem 3379). Using a 25 per cent (m/m) solution of Silchem in water
produced a pellet with a compressive strength of only 4,8 kg/pellet (a compressive strength of
approximately 30 kg/pellet is required). A pellet of optimum strength was produced using 5%
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Na2C03 and a 12,5% (m/m) dilution of Silchem (an actual Silchem addition of 0.8 per cent).
Not all the recipes used during the campaign contained Na2C03 and to simplify operations,
all material was pelletised with a 50% (m/m) dilution of Silchem. The pellets exhibited
adequate physical strength (31 kg/pellet).
5.3 PERFORMANCE OF THE ROTARY FURNACE
The rotary furnace performed satisfactorily during the campaign and tapping operations ran
smoothly. There was no visible corrosion of the refractories, but it should be kept in mind
that the duration of the campaign was only two days. Liquid metal and mattes were tapped
which separated into lead metal upon cooling (lead at the bottom, matte at the top). Tapping
temperatures were varied between 990 and 1078°C. The only sample that did not melt was
run 10, involving a lime roast. The samples containing a mixture of lime and manganese ore
were slightly sticky but still separated into metal and matte phases.
Substantially more energy was used than was predicted by the Pyrosim model. This can be
ascribed to the configuration of the relatively small pilot plant. Industrial rotary furnaces are
about 50% effective, i.e. twice the energy necessary for smelting must be supplied to the
vessel. The techno-economical evaluation in section 4.7 is based on double the simulated
energy requirement rather than the practical requirement obtained from this campaign.
Generally a good accountability for all components was achieved over the smelting
campaign. The gas phase was not monitored, and the accountability study involved only the
metal and matte phases. An average of 90% of the lead reported to the metal phase. As the
matte contained only a low percentage of lead, the remainder was assumed to have been
fumed off. An average of 95% of the manganese reported to the matte phase, with low
concentrations being found in the metal. All the iron reported to the matte phase.
Approximately 60 per cent of the zinc reported to the matte, whilst the concentration of zinc
in the metal was less than 100ppm. The rest of the zinc as well as a small percentage of the
sulphur was expected to have reported to the fume.
The purity of the lead metal produced was very good with a Pb content ranging from 92,8 to
97,4 per cent (run 4). The copper values in the metal ranged from 0,005 to 0,266 per cent,
whilst most of the silver was recovered with the bullion. The iron and bismuth levels were
approximately 300ppm and 600ppm respectively. Approximately 82% of the bismuth
reported to the metal. The levels of Mn, Zn, Cr, Cd, Se, Ca, Si, Na and Al were all very low
(less than 100ppm). The carbon and sulphur contents were approximately 0,003 and 0,3 per
cent, respectively.
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5.4 RECOVERIES
A lead recovery of 92,3 per cent was obtained under the following optimum conditions:
*
*
*
addition of 2 per cent NazC03.
an operating metal temperature of 1000cC
no excess MnZ03 should be added as this had a detrimental effect on Pb recovery.
The Pb recovery decreased from 92 per cent with manganese ore, galena and carbon (no
lime) to 87 and 82 per cent as the ratio of lime to manganese oxides increased. In a sample
containing only lime, galena and anthracite, the material remained in pellet form and no
liquid metal was obtained. The addition of lime to the process thus had a detrimental effect
on the Pb recovery, and it is probable that much higher operating temperatures are needed for
a successful lime-roast process. The pilot-plant testwork has, however, indicated the
technical feasibility of the lead/manganese (Leadman) process.
5.5 MINERALOGICAL STUDY
Initial doubts about the composition of the manganese matte phase were dispelled when it
was shown that 'MnS' rather than MnOS was present. The 'MnS' phase is not present as
the pure MnS phase alabandite, but always contains iron and trace amounts of zinc to give a
phase (MnFe)S or (MnFeZn)S. The second major phase was a CaMn-silicate phase.
The overall exchange reaction can thus be written as follows:
Numerous phase transformations must first take place in the ore before the exchange between
PbS and MnO can take place. NaZC03, added as a flux contributed to the formation of a low
melting NaMnAI-silicate glass.
Optical microscopy of the products of a run with galena, anthracite and lime (no manganese
oxide), showed islands of lead entrained in a sea of caS. This is likely to be due to the
formation of a dry slag, since the reaction needs a higher temperature in order to allow the
lead to escape from the slag. It is possible that the addition of a flux such as SiOz could help
to produce liquid lead. According to the data for the system CaO-CaS-O-S, the saturation of
•
CaO with CaS is a function of gas composition and temperature and also a function of the
pCOz/pCO ratio of the experiment. It is clear that more in depth work would be necessary in
order to determine the viability of the lime-roast process.
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5.6 SOURCES OF MANGANESE
Manganese ores are generally not expensive, but using the manganese ore sinter produced at
Mamatwan Mine could be advantageous, as it contains high manganese units. Alternatively,
the Wessels ore could be calcined before use to improve recovery of lead and manganese,
since the gangue elements competing for the sulphur will then be bound into the silicate
phase, rendering them chemically inert to any exchange reaction. The formation of silicate
phases during the exchange reactions could be inhibited by using different starting materials,
since the silicate phases contribute to the losses of lead by entrainment and can create
problems during the filtering stage in the~electrolyte purification step, by forming silica gel.
The waste manganese bag-house dust produced at Meyerton could also be considered as a
possible source of manganese for the exchange reaction. There is virtually no iron present in
this material, which consists of Mn304 and therefore has high manganese units. An efficiency
of 100% during the exchange reaction with Wessels ore could not be obtained, because
numerous phases form that either compete for the manganese units (such as the silicate
phases), or for the sulphur (wurtzite).
5.7 LEACHING OF MANGANESE FROM THE MATTE
Two avenues were investigated; leaching with sulphuric acid at atmospheric pressures, where
HzS is evolved; and a pressurised oxidising leach in an autoclave where elemental sulphur is
formed.
At atmospheric pressure 90,8 per cent dissolution of the manganese from the matte was
achieved after 15 minutes of leaching (temp. =25°C), using a L:S ratio of 1,95 moles acid to
1 mole manganese. A synthetic solution similar to the spent electrolyte used at the Delta
Manganese Corporation was used in this investigation. (The sulphuric acid concentration in
the solution was 35 gll). The techno-economic assessment for this route is based on a L:S
ratio of 1,95.
The levels of contaminants such as Zn, Pb and Cu were within specification. Unfortunately,
some iron and silicon leached out, which would have to be precipitated out before
electrolysis. (The higher consumption of lime was accounted for in the techno-economic
assessment).
Under the conditions of an oxidising autoclave leach 93% recovery of manganese was
achieved at 110°C and a L:S ratio of 1,1:1. 99 per cent plus precipitation of iron was achieved
(l4ppm in solution) and the silica in solution was only 50 ppm. No H2S was generated and a
XRD pattern of the leach residue confirmed the presence of elemental sulphur.
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5.8 TECHNO-ECONOMIC ASSESSMENT
The economical viability of the Leadman process (two routes) were compared with that of the
conventional manganese and lead processes. The two routes considered were: the route
whereby a mixture of (NH4hS (60%), low price H2S (20%) and high price H2S (20%) was
produced; and the route whereby elemental sulphur was produced. The Leadman process
showed a return of R 3 118/t of Pb produced in the H2S route and a return of R 1 529!t of Pb
in the route whereby elemental sulphur was produced. The return of the conventional
manganese process was R 939/t and for the lead blast furnace was only R 240!t. These
calculations are based on the assumption that income could be generated by the sale of the
sulphurous by-products. In the event that this is not possible the return on the Leadman
process would be R 1 460 instead of R 3 118!t of lead. If the costs of refining and capital 'and
a number of small costs (such as utility costs) are included in this assessment, the Leadman
process could probably still generate an income in excess of R 2 OOO!t of Pb, provided that
income could be generated by the sale of the by-products. If a market could not be found for
the by-products the revenue of the process would probably still exceed R500!t of lead. The
tecno-economic study was a very rough exercise, but based on these calculations it would
appear that the Leadman process is financially more feasible than the conventional lead
process.
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Chapter 6
RECOMMENDATIONS
,
This study has shown the technical and economical feasibility of the Leadman process but the
project requires further work to validate the claims made and to address issues that were not
addressed, such as the monitoring of the gas phase during smelting. As there may be limited
application for the technology with regard to lead it is suggested that the application to other
metal sulphides is investigated. Further research is already underway to investigate the
recovery of copper and nickel from metal sulphides. It is recommended that Mintek's rights
to the technology are protected through a provisional patent, whereafter possible clients are
approached. In addition to international lead producers, such as Doerun USA, some of the
local clients worth considering are Goldfields (Black Mountain) and Samancor (Meyerton
bag-house dust). Alternatively, the process could be of worth to the S.M.M.E. programme
(Small, Medium and Micro Enterprises).
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Appendix A
Simulation of the laboratory scale tests
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THEf':MO v2. 03 Copyright 1988-91 Rodney Jones & Wolfgang Meihack
Thermodynamic function values:for the isothermal reaction:
IMn304+3PbS+4C=3Pb+3MnS+4CO
l."p"
25 599.234 774.998 368.285 .301E-64
25 599.234 774.998 368.285 .301E-64
200 599.360 775.830 232.393 . 221E-25
375 610.054 793.279 96.010
·
183E-07
550 603.510 784.425 -42.072 • 467E+03
725 594.227 774.239 -178.464 .218E+l0
900 582.827 763.769 -313.074 .870E+14
1075 569.450 -YC"'~ 149 -445.796 187E+18/ ...J_I.
·1250 423.895 649.423 -565. 175 • 241E+20
1425 -85.050 333. 108 -650.668
·
103E+21·
1600 -4.596 377.739 -712. 102 .721E+20
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Trial C
Leadman 1000 C
1
Equilibrilm 1 I
h
'-- ----ll 1
V
Products
Feed
1 '--1------....,
L.>I
I
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FLOWRATES
FLOWRATE (kg/h) TEMPERATURE (0C)
FEED 1
galena 700.0 25
hausmannite 279.0 25
anthracite 51.2 25
PRODUCTS 1
Gas 111.7 1000
Slag 42.9 1000
Metal 478.5 1000
Matte 368.4 1000
OPERATION
UNIT 1
Equilibrium model calculates multi-phase multi-reaction equilibrium
ELEMENTS: C 0 Pb Fe Mn Si Cu Zn S
Gas: CO C02 Pb(g)
Slag: Fe203 Mn304 Si02
Metal: C Cu Fe Pb Zn
Matte: CuFeS2 FeS MnS PbS
Operating temperature = 1000°C
operating pressure =1.00 atm
Slag : Metal ratio = 0.09
Slag: Matte ratio = 0.12
ENERGY
UNIT 1 requires 388 kYh ( 1400 MJ) per hour of operation, including a rate of energy loss of 0 kY
This is 0.811 MYh per ton of Metal produced in this unit
This is 1.05 MYh per ton of Matte produced in this unit
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PRODUCTS 1
Gas
Slag
Metal
Matte
Zn/ZrIJ
10.179
DISTRIBUTION OF ELEMENTS
PRODUCTS 1 Gas Dust Sol ids Slag Metal Matte
C : 99.297% 0.703%
Cu: 97.407% 2.593%
Fe: 0.094% 35.782% 64.124%
Mn: 0.000% 100.000%
o : 75.955% 24.045%
Pb: 0.153% 89.536% 10.311%
S : 100.000%
Si: 100.000%
Zn: 100.000%
MATERIAL AND ENERGY COSTS
(Per hour of operation)
galena 0.700 t 1iI R 1515.00 / t = R 1060.50 87.2%
hausmannite 0.279 t 1iI R 380.00 / t = R 106.02 8.7%
anthracite 0.051 t 1iI R 192.00 / t = R 9.83 0.8%
Electricity 0.388 MWh 1iI R 103.00 / MWh = R 40.00 3.3%
TOTAL: R 1216.35
PYROSIM v1.50 Copyright 1988-94 Rodney Jones, Mintek
113
06-JUL-95
Appendix B
Simulations of the pilot-plant tests
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Zn
CaO CaS CrS
MgO MnO MnS Na2C03
Gas:
Metal:
Matte:
LEADMAN
Run no. 3
Feed
I r-I-------,
'->1
I
11
,
FLOWRATES
FUll/RATE (kg/h) TEMPERA TURE C·q
FEED 1
Zulu antrasiet 1.387 25
I/essels Mn 7.265 25
B MGalena 18.204 25
Natriunkarbonat 1.181 25
Na20 0.886 25
water 0.884 25
PROOUCTS
Gas 2.154 1050
Metal 14.819 1050
Matte 12.753 1050
OPERATION
UNIT 1
Equilibriun model calculates multi-phase multi-reaction equilibriun
ELEMENTS: C 0 H Na Pb N Zn Ag Al Cd Co Cr Cu Fe Mg Mn Ni S
Ti
CO C02 H2 H20(g) Na(g) PbCg) VOL. ZnCg)
Ag Al Cd Co Cr Cu Fe Fe3C Mg Mn MnCl) Na Ni Pb S Si
Al203 As C CaCOH)2 Ca2Si04 Ca3Al2Si Ca3MgSi2 CaAl204 CaC03
FeO.9470 Fe203 Fe2Si04 FeAsS FeD FeS FeSi H2o K20 Mg2Si04
Na20 PbO PbS S Si 5i02 TiO Ti02 Zn2Si04 ZnD ZnS
Operating temperature = 1050·C
Operating pressure =0.96 atm
ENERGY
si As Ca K
UNIT 1 requires 1.40 kllh ( 5.04 MJ) per hour of operation, Including a rate of energy loss of 0 kll
This Is 0.0945 HIIh per ton of Metal produced In this unit
This Is 0.110 MIIh per ton of Matte produced in this unit
ANALYSES
(MASS %)
Ag Al AlZ03 As C
115
Ca CaCOH)2 Ca2SI04 Ca3AIZSICa3MgSI2CaAI204
Zulu antrasiet 2.480 82.900
lJessels Mn 0.160 3.710
B MGalena 0.063 0.570 0.002
Natriunkarbonat
Na20
water
PROOUCTS 1
Gas(vol X)
Gas
Metal o.on
Matte 1.208 0.000 3.349 0.000 3.573 0.034 0.451 0.061
CaC03 CaD CaS Cd CO Co Co2 Cr CrS Cu Fe
fllQ...1...
Zulu antrasiet 0.150
lJessels Mn 0.008 0.008 10.800
B MGalena 0.260 0.012 0.017 0.520 3.850
Natrlunkarbonat
Na20 .....
water
PROOUCTS 1
Gas(vol X) 46.552 0.412
Gas 69.295 0.964
Metal 0.015 0.004 0.001 0.643 7.691
Matte 0.000 0.068 0.881 0.037
FeO.9470 Fe203 Fe2Si04 Fe3C FeAsS FeD FeS FeSI H2 H2O H20Cg)
.ill.Q....L
Zulu antraslet 1.040 1.480
Vessels Mn
B MGalena
Natrlunkarbonat 2.000
Na20
water 100.000
PROOUCTS 1
Gas(vol X) 43.076 0.769
Gas 4.624 0.736
Metal 0.257
Matte 0.552 0.000 0.006 1.129 1.901 0.000 0.187
1<20 Mg Mg2sI04 MgO Mn Mn(l) MnO Mn02 MnS Na NaCg)
.ill.Q....L
Zulu antraslet 0.160
Vessels Mn 0.490 49.650 32.380
B MGalena 0.040
Natrfunkarbonat
Na20
water
PROOUCTS 1
Gas(vol X) 1.023
Gas 1.250
Metal d.005 0.005 0.139
Matte 0.017 0.203 0.348 7.866 53.5n
Na2C03 Na20 Na2SI03 NI pb PbCg) PbO PbS S si SI02
FEED 1
Zulu antraslet 4.180
lIessels Mn 0.002 0.016 2.420
B MGalena 0.057 73.700 14.700 2.300
Natrlunkarbonat 97.600
Na20 100.000
water
PRODUCTS 1
Gas(vol X) 0.248
Gas 2.730
Metal 0.071 89.376
116
Matte 14.203 0.006 0.002 1.027 8.589
TiO TI02 VOl. Zn Zn(g) Zn2Si04 znO ZnS
!.liQ...L
Zulu antrasiet 0.120 7.700
Vessels Mn
B MGalena 3.620
Natriunkarbonat
Na20
water
PRODUCTS 1
Gas(vol X) 3.475 4.444
Gas 4.959 15.442
Metal 1.716
Matte 0.000 0.013 0.022 0.688 0.000
ELEMENTAL ANALYSES
(MASS %) Slag constituents are shown as oxides; all others as elemen
Ag Al/Al203 As C Ca/CaO cd Co Cr/Cr203 Cu Fe/Feo H
PRODUCTS 1
Gas 32.199 4.880
Metal 0.077 0.017 0.015 0.004 0.001 0.643 7.930
Matte 0.665 0.003 4.959 2.390 0.023 2.511 0.021
K/K20 Mg/M90 Mn/Mn203 N Na/Na20 Ni 0 Pb S SI/SI02 TI/TI02
PRODUCTS 1
Gas 0.678 1.250 42.819 2.730
Metal 0.010 0.139 0.071 89.377
Matte 0.014 0.314 39.927 6.165 15.838 0.891 20.983 4.724 0.008
ZntznO
PROOUCTS
Gas 15.443
Metal 1.716
Matte 0.565
DISTRIBUTION OF ELEMENTS
PROOUCTS Gas Oust Sol ids Slag Metal Matte
Ag: 100.000X
Al: 100.000X
As: 100.000%
C : 52.200% 0.192% 47.608%
Ca: 100.000%
Cd: 100.000%
Co: 100.000%
Cr: 5.016% 94.984%
Cu: 100.000%
Fe: 78.586% 21.414%
H : 97.518% 2.482%
K : 100.000%
Mg: 100.000%
Hn: 0.029% 99.971%
N : 100.000%
Na: 3.230% 2.470% 94.301%
NI: 100.000%
o : 31.342% 68.658%
Pb: 0.438X 98.715% 0.847%
S : 100.000%
SI: 100.000%
TI: 100.000%
Zn: 50.465% 38.593% 10.942%
117
Zn
CaO CaS CrS
HgO HnO HnS Na2C03
Gas:
Metal:
Matte:
LEADMAN
Run no. 4
Feed
I "-------,
L>I
I
11
I
OPERATION
UNIT 1
Equilibrium model calculates multi-phase multi-reaction equilibrium
ELEMENTS: C 0 H Na pb N Zn Ag Al Cd Co Cr CU Fe Hg Mn Ni S
Ti
CO COl Hl HlO(g) Na(g) Pb(g) VOL. Zn(g)
Ag Al Cd Co Cr Cu Fe Fe3C Mg Mn Mn(l) Na Ni Pb S Si
AIl03 As C Ca(OH)l Ca2Si04 Ca3AIlSi Ca3MgSil CaAl104 CaC03
FeO.9470 Fe203 Fe2Si04 FeAsS FeQ FeS FeSi HlO KlO HglSi04
Na20 PbO PbS S Si si02 Tio TiOl ZnlSi04 znO ZnS
Operating temperature =1050·C
Operating pressure =0.96 atm
ENERGY
si As Ca K
UNIT 1 requires 1.85 k~ ( 6.65 HJ) per hour of operation, including a rate of energy loss of 0 k~
This Is 0.135 H~ per ton of Metal produced In this unit
This Is 0.153 ~h per ton of Matte produced In this unit
ANALYSES
(MASS %)
Ag AI AIl03 As C
118
Ca CaCOH)l CalSI04 Ca3AIZSICa3MgSI2CaAIZ04
Zulu antrasiet 2.480 82.900
Uessels Mn 0.160 3.710
B MGalena 0.063 0.570 0.002
Natriunkarbonat
Na20
water
PROOUCTS 1
Gas(vol X)
Gas
Metal o.on
Matte 1.227 0.000 4.533 0.000 3.431 0.029 0.385 0.060
CaC03 CaO CaS Cd CO Co CO2 Cr CrS Cu Fe
ill!L.L
Zulu antrasiet 0.150
Uessels Mn 0.008 0.008 10.800
B H Galena 0.260 0.012 0.017 0.520 3.850
Natriunkarbonat
Na20 .....
water
PROOUCTS 1
Gas(vol X) 46.714 0.325
Gas 69.391 0.757
Metal 0.015 0.004 0.001 0.640 7.854
Matte 0.000 0.070 0.926 0.036
FeO.9470 Fe203 Fe2Si04 Fe3C FeAsS FeO FeS FeSI H2 H2O H20(g)
ill!L.L
Zulu antrasiet 1.040 1.480
Uessels Mn
B MGalena
Natriunkarbonat 2.000
Na20
water 100.000
PROOUCTS 1
Gas(vol X) 42.654 0.597
Gas 4.569 0.571
Metal 0.347
Matte 0.466 0.000 0.006 0.953 1.642 0.000 0.154
1(20 Mg Mg2Si04 MgO Mn Mn(l) MnO Mn02 MnS Na Na(g)
ill!L.L
Zulu antrasiet 0.160
Vessels Mn 0.490 49.650 32.380
B MGalena 0.040
Natriunkarbonat
Na20
water
PROOUCTS 1
Gas(vol X) 1.325
Gas 1.615
Metal 0.006 0.005 0.181
Matte 0.020 0.187 0.351 7.493 52.237
Na2C03 Na20 Na2Si03 NI Pb Pb(g) PbO PbS S Si SI02
ill2..L
Zulu antraslet 4.180
Vessels Mn 0.002 0.016 2.420
B MGalena 0.057 73.700 14.700 2.300
Natrlunlcarbonat 97.600
Na20 100.000
water
PROOUCTS 1
Gas(vol X) 0.246
Gas 2.702
Metal 0.071 89.127
119
Matte 15.573 0.008 0.001 0.867 8.764
Tro Ti02 VOL. Zn Zn(9) Zn2Si04 znO ZnS
ill.!!..1-.
Zulu antrasiet 0.120 7.700
\/essels Mn
B MGalena 3.620
Natriunkarbonat
Na20
water
PROOUCTS 1
Gas(vol X) 3.832 4.308
Gas 5.456 14.938
Metal 1.673
Matte 0.000 0.015 0.013 0.554 0.000
ELEMENTAL ANALYSES
(MASS %) Slag constituents are shown as oxides; all others as elemen
Ag AI/A1203 As C Ca/CaO Cd Co Cr/Cr203 Cu Fe/FeO H
PROOUCTS
Gas 32.406 4.825
Metal o.on 0.023 0.015 0.004 0.001 0.640 8.1n
Hatte 0.673 0.003 6.298 2.325 0.022 2.143 0.017
1(/1(20 Hg/HgO Mn/Mn203 N Na/Na20 Ni 0 Pb S Si/Si02 Tini02
PROOUCTS
Gas 0.746 1.615 42.766 2.702
Hetal 0.011 0.181 0.071 89.127
Matte 0.017 0.305 38.791 6.761 16.273 0.752 20.392 4.766 0.009
Zn/ZnO
PROOUCTS
Gas 14.940
Hetal 1.673
Matte 0.453
DISTRIBUTION OF ELEMENTS
PROOUCTS Gas Dust Solids Slag Hetal Matte
Ag: 100.000%
AI: 100.000%
As: 100.000%
C : 47.833X 0.217% 51.950%
Ca: 100.000%
Cd: 100.000%
Co: 100.000%
Cr: 5.739% 94.261%
tu: 100.000%
Fe: 81.219% 18.781%
H : 98.041% 1.959%
IC : 100.000%
Hg: 100.000%
Mn: 0.033% 99.967%
N : 100.000%
Na: 3.984% 2.825% 93.191%
NI: 100.000%
o : 31.985% 68.015%
Pb: 0.473% 98.792% 0.735%
S : 100.000X
SI: 100.000X
TI: 100.000X
Zn: 53.236% 37.751% 9.013X
120
Zn
CaO CaS CrS
HgO HnO HnS NalC03
Gas:
Hetal:
Hatte:
LEADMAN
Run no. 5
Feed
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OPERATION
UNIT 1
Equilibrium model calculates multi-phase multi-reaction equilibrium
ELEMENTS: C 0 H Na Pb N Zn Ag Al cd Co Cr Cu Fe Mg Mn Ni S
TI
CO C02 H2 H20(g) Na(g) Pb(g) VOL. Zn(g)
Ag Al cd Co Cr Cu Fe Fe3C Hg Mn Mn(l) Na NI Pb S Si
Al203 As C Ca(OH)2 Ca2Sl04 Ca3Al2S1 Ca3MgSl2 CaAl104 CaC03
FeO.9470 Fe203 Fe2Si04 feAsS FeD FeS FeSI HlO K20 Mg2SI04
NalO PbO PbS S Si SiOl TiO Ti02 Zn2SI04 ZnD ZnS
Operating temperature = 1050·C
Operating pressure = 0.96 atm
ENERGY
Si As Ca K
UNIT 1 requires 0.524 k~h ( 1.89 HJ) per hour of operltion, Including I rite of energy loss of 0 k~
This Is 0.0444 M~ per ton of Metal produced In this unit
This Is 0.0424 ~ per ton of Mltte produced In this unit
ANALYSES
(MASS %)
A9 Al All03 As C
121
Cl CaCOH)l CalSI04 Ca3Al2SICa3HgSf2CaAl104
Zulu antraslet 2.480 82.900
lJessel s Hn 0.160 3.710
B H Galena 0.063 0.570 0.002
Natrlunkarbonat
Na20
water
PROOUCTS 1
Gas(vol X)
Gas
Hetel 0.075
Hatte 1.073 0.000 5.733 0.000 4.323 0.023 0.483 0.063
CaC03 CaO CaS Cd CO Co CO2 Cr CrS Cu Fe
illU..
Zulu antraslet 0.150
\/essels Hn 0.008 0.008 10.800
B H Galena 0.260 0.012 0.017 0.520 3.850
Natrlunkarbonat
Na20
water
PROOUCTS 1
Gas(vol X) 38.515 0.188
Gas 63.740 0.488
Hetel 0.014 0.005 0.004 0.622 9.608
Hatte 0.000 0.090 0.391 0.026
FeO.9470 FeZ03 Fe2SI04 Fe3C FeAsS FeO FeS FeSi H2 H2O HZOW
FEED 1
Zulu antras 1et 1.040 1.480
\/essels Hn
B H Galena
Natrlunkarbonat 2.000
Na20
water 100.000
PROOUCTS 1
Gas(vol X) 49.821 0.489
Gas 5.946 0.521
Hetal 0.684
Hatte 0.408 0.000 0.004 0.842 0.474 0.000 0.136
I(ZO Hq HgZSI04 HgO Hn Hn(l) HnO HnOZ HnS Na Na(g)
FEED 1
Zulu antraslet 0.160
\/essels Hn 0.490 49.650 32.380
B H Galena 0.040
Natrlunkarbonat
Na20
water
PROOUCTS 1
Gas(vol X) 1.873
Gas 2.545
Hetal 0·.022 0.019 0.267
Hatte 0.019 0.171 0.385 19.366 44.096
Na2C03 NaZO Na2SI03 NI Pb Pb(g) PbO PbS S Si SIOZ
FEED 1
Zulu antrasiet 4.180
\/essels Hn 0.002 0.016 2.420
B H Galena 0.057 73.700 14.700 2.300
Natriunkarbonat 97.600
Na20 100.000
water
PROOUCTS 1
Gas(vol X) 0.229
Gas 2.808
Hetal 0.069 86.856
122
Matte 13.580 0.012 0.001 0.199 7.664
Tio Ti02 VOL. Zn Zn(q} Zn2SI04 2nO ZnS
illQ....L
Zulu antrasiet 0.120 7.700
lIessels Mn
B MGalena 3.620
Natriunkarbonat
Na20
water
PROOUCTS 1
Gas(vol %) 4.555 4.330
Gas 7.226 16.726
Metal 1.756
Matte 0.000 0.014 0.006 0.420 0.000
ELEMENTAL ANALYSES
(MASS %) Slag constituents are shown as oxides; all others as elemen
Aq AI/A1203 As C Ca/CaO Cd Co Cr/Cr203 Cu Fe/FeO H
PROOUCTS
Gas 30.702 6.259
Metal 0.075 0.046 0.014 0.005 0.004 0.622 10.246
Matte 0.592 0.002 7.272 2.492 0.016 1.270 0.015
1:/1:20 Mq/MqO MnfMn203 N Na/Na20 Ni 0 Pb S SI/SI02 TI/T102
PROOUCTS
Gas 0.988 2.545 39.970 2.808
Metal 0.041 0.267 0.069 86.856
Matte 0.016 0.327 42.644 5.900 17.688 0.173 16.635 4.409 0.008
twtro
PROOUCTS
Gas 16.728
Metal 1.756
Matte 0.341
DISTRIBUTION OF ELEMENTS
PROOUCTS Gas Oust Solids Slaq Metal Matte
Ag: 100.000%
AI: 100.000%
As: 100.000%
C : 34.288% 0.392% 65.320%
Ca: 100.000%
Cd: 100.000%
Co: 100.000%
Cr: ..... 17.855% 82.145%
Cu: 100.000%
Fe: 88.506% 11.494%
H : 98.084% 1.916%
K : 100.000%
Mg: 100.000%
Mn: 0.091% 99.909%
N : 100.000%
Na: 4.890% 3.940% 91.170%
Ni: 100.000%
o : 21.934% 78.066%
Pb: 0.419% 99.373% 0.208%
S : 100.000%
Si: 100.000%
Ti: 100.000%
Zn: 50.775% 40.909% 8.316%
123
Zn
CaO CaS CrS
HgO HnO HnS Na2C03
Gas:
Hetal:
Hatte:
LEADMAN
Run no. 6
Feed
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FLOWRATES
FLO'oJRATE (kg/h) TEMPERATURE (0t)
FEED 1
Zulu antrasiet 1.186 25
\/essels Mn 6.214 25
B MGalena 15.570 25
Natriumkarbonat 1.179 25
Na20 0.797 25
water 0.848 25
PROOUCTS
Gas 1.974 1050
Metal 12.619 1050
Matte 11.131 1050
OPERATION
UNIT 1
Equilibrium model calculates multi-phase multi-reaction equilibrium
ELEMENTS: C 0 H Na Pb N Zn Ag AI Cd Co Cr Cu Fe Hg Hn Ni S
TI
CO C02 H2 H20(g) Na(g) Pb(g) VOL. Zn(g)
Ag Al Cd Co Cr Cu Fe Fe3C Hg Mn Hn(l) Na Ni Pb S Si
AI203 As C Ca(OH)2 Ca2Si04 Ca3Al2Si Ca3HgSi2 CaAI204 CaC03
FeO.9470 Fe203 Fe2Si04 FeAsS FeD FeS FeSi H20 K20 H92Si04
Na20 PbO PbS S si si02 Tio Ti02 Zn2Si04 znO ZnS
Operating temperature = 1050°C
Operating pressure =0.96 atm
ENERGY
Si As Ca K
UNIT 1 requires 1.56 k\lh ( 5.60 HJ) per hour of operation, Including a rate of energy loss of 0 k\/
This Is 0.124 M\Ih per ton of Metal produced In this unit
This Is 0.140 H\Ih per ton of Matte produced In this unit
ANALYSES
(MASS %)
Ag AI AI203 As
124
C Ca Ca(OH>2 Ca2SI04 Ca3AI2SICa3HgSI2CaAI204
Zulu antrasiet 2.480 82.900
Ilessels Hn 0.160 3.710
B H Galena 0.063 0.570 0.002
Hatriunkarbonat
Ha20
water
PROOUCTS 1
Gas(vol X)
Gas
Hetal 0.078
Hatte 1.184 0.000 2.857 0.000 3.526 0.036 0.453 0.060
CaC03 CaO CaS Cd CO Co CO2 Cr CrS Cu Fe
.rrnu..
Zulu antrasiet 0.150
Ilessels Hn 0.008 0.008 10.800
B H Galena 0.260 0.012 0.017 0.520 3.850
Natriunkarbonat ......
Ha20
,
water
PROOUCTS 1
Gas(vol X) 45.959 0.458
Gas 69.684 1.092
Hetal 0.015 0.004 0.001 0.646 7.559
Hatte 0.000 0.066 0.835 0.037
FeO.9470 Fe203 Fe2Si04 Fe3C FeAsS Feo FeS FeSI H2 H2O H20(9)
FEED 1
Zulu antraslet 1.040 1.480
IJessels Hn
B H Galena
Natriunkarbonat 2.000
Na20
water 100.000
PROOUCTS 1
Gas(vol X) 44.080 0.886
Gas 4.820 0.864
Metal 0.216
Matte 0.598 0.000 0.000 0.006 1.222 2.017 0.000 0.210
1::20 Mg Hg2SI04 HgO Hn HnCI) HnO Hn02 HnS Na NaCg)
rrnu..
Zulu antrasiet 0.160
IJessels Mn 0.490 49.650 32.380
B MGalena 0.040
Natrlunkarbonat
Na20
water
PROOUCTS 1
Gas(vol X) 0.975
Gas 1.213
Metal 0.005 0.004 0.132
Matte 0.017 0.202 0.338 7.840 52.343
Na2C03 Na20 Na2SI03 NI Pb PbCg) PbO PbS S Si 5102
FEED 1
Zulu antraslet 4.180
Ilessels Hn 0.002 0.016 2.420
B MGalena 0.057 73.700 14.700 2.300
Natrfunkarbonat 97.600
Na20 100.000
water
PROOUCTS 1
Gas(vol X) 0.250
Gas 2.803
Hetal 0.071 89.652
125
Hatte 15.705 0.006 0.002 1.113 8.575
TIO r roz VOL. Zn Zn(g) Zn2Si04 ZoO ZnS
illQ....L
zulu antrasiet 0.120 7.700
Uessels Hn
B H Galena 3.620
Natrlunkarbonat
Na20
water
PROOUCTS 1
Gas(vol X) 3.183 4.209
Gas 4.627 14.898
Hetal 1.617
Hatte 0.000 0.013 0.025 0.714 0.000
ELEMENTAL ANALYSES
(MASS %) Slag constituents are shown as oxides; all others as elemen
Ag AI/A1203 As C Ca/CaO Cd Co Cr/Cr203 cu Fe/Feo H
PROOUCTS
Gas 32.252 5.0n
Hetal 0.078 0.014 0.015 0.004 0.001 0.645 7.761
Hatte 0.651 0.003 4.637 2.342 0.023 2.693 0.024
1(/1(20 Hg/HsO Hn/Hn203 N Na/Na20 Ni 0 Pb S Si/Si02 TIITi02
PROOUCTS
Gas 0.632 1.213 43.122 2.803
Hetal 0.009 0.132 0.071 89.652
Hatte 0.014 0.307 39.127 6.817 16.529 0.965 20.561 4.710 0.008
ZnlZoO
PROOUCTS 1
Gas 14.899
Hetal 1.617
Hatte 0.588
DISTRIBUTION OF ELEMENTS
PROOUCTS 1 Gas Dust Sol ids Slag Hetal Hatte
Ag: 100.000%
AI: 100.000X
As: 100.000X
C : 55.133X 0.158X 44.709X
Ca: 100.000X
Cd: 100.000X
Co: 100.000X
Cr: 4.554% 95.446%
Cu: 100.000%
Fe: 76.565% 23.435X
H : 97.454X 2.546%
le : 100.000X
Hg: 100.000X
Hn: 0.026X 99. 974X
N : 100.000X
Na: 2.996X 2.079X 94.925X
Ni: 100.000X
o : 31.626X 68.374X
Pb: 0.482X 98.582% 0.936X
S : 100.000X
SI: 100.000X
TI: 100.000X
Znl 52.171" 36.213" 11.617%
126
LEADMAN
Run no. 8
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Zn
CaO CaS CrS
HgO "nO HnS Na2C03
Gas:
Metal:
Matte:
FLOWRATES
FlOlo'RATE (kg/h) TEMPERATURE (0e>
FEED 1
Zulu antrasiet 1.014 25
lIessels Mn 3.983 25
B MGalena 14.970 25
Natriunkarbonat 1.120 25
Na20 0.757 25
water 0.755 25
Kalsiunkarbonat 1.843 25
PROOUCTS 1
Gas 2.n3 1050
Metal 10.374 1050
Matte 11.276 1050
OPERATION
UNIT 1
Equilibriun model calculates multi-phase multi-reaction equilibriun
ELEMENTS: C 0 H Na pb N Zn Ag Al Cd Co er Cu Fe Hg Hn Ni S
Ti
CO C02 H2 H20(g) Na(g) Pb(g) VOL. Zn(g)
Ag Al Cd Co Cr Cu Fe Fe3C Mg Hn Hn(l) Na Ni Pb S si
AlZ03 As C Ca(OH)2 CaZSi04 Ca3Al2Si Ca3MgSiZ CaAl204 CaC03
FeO.9470 FeZ03 Fe2Si04 FeAsS Feo FeS FeSi H20 K20 Hg2Si04
NaZO PbO PbS S si Si02 TiO Ti02 Zn2Si04 znO ZnS
Operating temperature : 1050°C
Operating pressure: 0.96 atm
ENERGY
si As Ca K
UNIT 1 requires 3.79 kllh ( 13.6 MJ) per hour of operation, including a rate of energy loss of 0 kll
This Is 0.365 MIIh per ton of Metal produced in this unit
This Is 0.336 MIIh per ton of Matte produced In this unit
ANALYSES
(MASS %)
Ag Al AlZ03 As
127
C Ca CaCOHl2 Ca2SI04 Ca3Al2SfCa3MgSf2CaAl204
fill.....L
Zulu antrasiet 2.480 82.900
\/essels I1n 0.160 3.710
B 11 Galena 0.063 0.570 0.002
Natriunkarbonat
Na20
water
lCalsiunkarbonat
PROOUCTS 1
Gas(vol X)
Gas
l1etal 0.091
l1atte 0.988 0.000 0.n6 0.000 9.792 0.099 2.150 0.118
CaC03 CaO CaS Cd CO Co CO2 Cr CrS Cu Fe
FEED 1
Zulu antrasiet 0.150
\/essels I1n .•... 0.008 0.008 10.800
B 11 Galena 0.260 0:012 0.017 0.520 3.850
Natriunkarbonat
Na20
water
lCalsiunkarbonat 95.700
PROOUCTS 1
Gas(vol X) 58.506 2.296
Gas 74.878 4.618
l1etal 0.017 0.003 0.000 0.753 2.820
l1atte 0.000 0.123 4.216 0.036
FeO.9470 Fe205 Fe2Si04 Fe3C FeAsS FeD FeS FeSi H2 H2O H20(9)
FEEO 1
Zulu antrasiet 1.040 1.480
\/essels I1n
B H Galena
Natriunkarbonat 2.000
Na20
water 100.000
lCalsiunkarbonat
PROOUCTS 1
Gas(vol X) 30.639 2.424
Gas 2.828 1.996
l1etal 0.005
l1atte 0.817 0.000 0.001 0.006 1.594 7.121 0.452
1C20 Hg Mg2Si04 M90 Mn Mn(l) I1nO Mn02 MnS Na Na(g)
fill.....L
Zulu antrasiet 0.160
\/essels I1n 0.490 49.650 32.380
B 11 Galena 0.040
Natriunkarbonat
Na20
water
lCalsiunkarbonat
PROOUCTS 1
Gas(vol X) 0.244
Gas 0.257
Metal 0.000 0.000 0.029
Hatte 0.014 0.131 0.305 2.032 36.nO
NaZe03 Na20 Na2Si03 NI Pb Pb(g) PbO PbS S Sf SIOZ
FEED 1
zulu antraslet 4.180
\/essels Hn 0.002 0.016 2.420
B H Galena 0.057 73.700 14.700 2.300
Natrlunkarbonat 97.600
Na20 100.000
128
water
Kalsh.mkarbonat
PROOUCTS 1
Gas(vol X) 0.299
Gas 2.834
Hetal 0.083 95.090
Hatte 15.316 0.001 0.007 11.168 4.234
Tio Ti02 VOL. Zn Zn(9) Zn2Sf04 znO ZnS H9C03
illQ...L
Zulu antrasfet 0.120 7.700
Uessels Mn .... ,.
B H Galena 3.620
Natril.rnlcarbonat
Na20
water
Kalsiunkarbonat 3.890
PROOUCTS 1
Gas(vol X) 2.337 3.254
Gas 2.867 9.722
Hetal 1.107
Hatte 0.000 0.011 0.114 1.708 0.000
ELEMENTAL ANALYSES
(MASS %) Slag constituents are shown as oxides; all others as elemen
Ag Al/A1203 As C Ca/CaO cd Co Cr/Cr203 Cu Fe/FeD H
PROOUCTS
Gas 34.653 3.151
Metal 0.091 0.000 0.017 0.003 0.000 0.7S3 2.825
Hatte 0.57S 0.003 2.462 7.830 0.022 6.392 0.051
K/1(20 M9/M90 Hn/Hn203 N Na/Na20 NI 0 Pb S Sf/S102 TI/Tf02
PROOUCTS
Gas 0.392 0.257 48.990 2.834
Metal 0.001 0.029 0.083 95.090
Matte 0.012 0.388 24.763 6.645 16.217 9.678 19.515 4.002 0.006
Zn/ZnO
PROOUCTS
Gas 9.722
Metal 1.107
Matte 1.439
DISTRIBUTION OF ELEMENTS
PROOUCTS 1 Gas Dust Solids Slag Metal Matte
Ag: 100.000X
AI: 100.000%
As: 100.000%
C : n.268% 0.003% 22.n9X
Ca: 100.000%
Cd: 100.000X
Co: 100.000%
Cr: 0.408% 99.592%
Cu: 100.000%
Fe: 28.904% 71.096%
H : 93.766% 6.234%
le : 100.000%
Mg: 100.000%
Mn: 0.002% 99.998%
N : 100.000%
Na: 0.921% 0.400% 98.679%
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Ni: 100.000%
o : 42.182% 57.818%
Pb: 0.700% 89.410% 9.891%
S : 100.000%
si: 100.000%
Ti: 100.000%
Zn: 48.859% 21.194% 29.948%
PYROSIH vl.40 Copyright 1988-94 Rodney Jones, Hintek
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Appendix C
PRICES AND SOURCES OF COMMODITIES
EXCHANGE RATE: 3,6903 $ to R
COMMODITY PRICE PRICE SA SOURCE
silver 568.37cftroz R 674fkg Platt's Metals Week 1.5.95
Lead LME-616$fton R 2273ft Platt's Metals Week 1.5.95
Manganese 1780$ft R 6569ft Metals Bulletin 4.5.95
S, crude 87$ft R 321ft Sulphur, March-Apr. 95
(NH4)2S; 42% 460$ft R 1698ft Chemical Marketing Reporter, 1. 5.95
Galena (Pb=72,7%) R 1515ft White. J, Gold Fields 15.5.95
Mn ore (Mn=48,3%) R 380ft Schaefer. A, Samancor 16.5.95
Zululand Anthracite R 192ft Reed. M, Lonrho 12.8.94
Lime R 270ft Anglovaal 15.5.95
Na2C03 (97,4%) R 760ft Duvenhage. E, Chemserve 12.8.94
H2S04 (98%) R 205ft de Lange, AECI 15.5.95
Silchem 3379 R 770ft Devine, SCI 16.5.95
Ammonia (25%) R 356ft Rohlt. S, AECI 23.11.95
Limestone (CaO =52%) R 96ft De Klerk, PPC 12.8.94
Sand (Si02=99,5%) R 108ft Hattingh, Eggo Sand 4.10.94
Coke R 340ft Reed, Lonhro 12.8.94
Electricity R 103fMWh own datum
H2S Lp. 0,13$flb R 1058ft Chemical Marketing Reporter 1.5.95h.p.· 2,27$flb R 18468ft Chemical Marketing Reporter 1.5.95
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Appendix D
Energy Requirements for Various Processes
1. Leadman (Pb/Mn)
a) Pb smelting
b) Mn electrowinning
total
2. Conventional Pb
a) PbS sintering
b) PbO smelting
(smelting + refining
(refining
c) H2S04 production
total
3. Conventional Mn
a) Mn-oxide roasting
b) Mn electrowinning
total
4. Conventional Pb then Mn
a) Pb sintering/smelring/HjfsO,
b) Mn roasting
c) Mn electrowinning
total
= 0,248 MWhlt27
= 7440 MWh/30000t ofPb
= 10500 MWh/t of Mn38
= 83475 MWh17950t of Mn
= 90915 MWh/30000t ofPb
= 24,9 kWh/t of Pb39 (747 MWh/30000t
ofPb)
= 250 kWhlt of Pb (7500 MWh/30000t
ofPb)
= 430 kWh/t40)
= 180 kWh/t33)
= 100 kWhlt ofH2S04
= 1862 MWhl18620t of H2S04
= 10109 MWh/30000t of Pb
= 0,36 MWh/t of Mn027 17760t
Mn203~1101lt ofMnO
= 3964 MWhl1101lt of MnO
= 83475 MWh17950t of Mn
= 87439 MWhl7950t of Mn
= 10109 MWhl30000t of Pb
= 3964 MWhI30000t of Pb
= 83475 MWhl30000t of Pb
= 97548 MWhl30000t ofPb
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